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The geological carbon cycle maintains sustainable conditions for the Earth’s habitability 
through weathering and erosion. This research focuses on two chemical weathering 
processes: i) rock organic carbon oxidation and ii) carbonate dissolution by sulfuric acid, 
both resulting in carbon dioxide (CO2) release to the atmosphere. The long-term and 
modern-day fluxes and environmental controls navigating chemical weathering 
reactions are investigated in small (<1 km2), densely monitored catchments of two 
critical zone observatories: i) the Susquehanna Shale Hills (Pennsylvania, USA) and ii) 
the Draix-Bléone (Provence, France). In the low erosive setting of the Susquehanna Shale 
Hills observatory, the trace element rhenium (Re) is studied alongside total organic 
carbon and radiocarbon data to estimate the long-term rock organic carbon oxidation 
rates. This study confirms that rock organic carbon weathering is a supply-limited 
process. In addition, substantial anthropogenic perturbation of the surface Re cycle is 
observed at this site. In the Draix-Bléone observatory an unprecedented high-temporal 
resolution stream water sampling campaign took place in two nearby catchments. The 
catchments are contrasting in physical erosion rates and variable extent of vegetation 
cover, allowing to investigate controls on present-day rock organic carbon oxidation 
rates and inorganic carbon balance. In the highly erosive and sparsely vegetated 
catchment the CO2 release rates are largely dominated by carbonate dissolution by 
sulfuric acid. Furthermore, strong seasonality in dissolved SO4-2 /HCO3- ratios and Re 
concentrations and in streams is observed, which is interpret as a seasonal signal in 
sulfuric acid production and rock organic carbon oxidation, respectively. These findings 
suggest a temperature control on CO2 release rates through chemical weathering 
reactions, which is most pronounced in highly erosive and sparse vegetation setting. 
Overall, this research provides novel insights on environmental controls on chemical 
weathering rates and proposes a positive climatic feedback on chemical weathering of 
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 Thesis rationale 
The primary motivation for this work is to provide an improved understanding 
of carbon transfer from the carbon storage in sedimentary rocks (organic and 
inorganic) to the atmosphere. Sedimentary rocks represent the surface lithology 
of ~65 % of the total continental surface (Amiotte Suchet et al., 2003) and hence 
represent an important component in the long term carbon cycle. The carbon 
transfer is governed through reactions of chemical weathering and this thesis 
focuses on two processes: i) rock organic carbon oxidation and ii) carbonate 
dissolution by sulfuric acid. The main rationale is to provide better 
characterization of the rates and controls on the CO2 release during chemical 
weathering, which is crucial for understanding the carbon balance between the 
near surface environments and the atmosphere. 
This introduction starts with definitions and background desciptions of 
the key processes explored in the thesis. At the end of the chapter, thesis aims, 
main research questions, and thesis synopsis is provided.  
 Earths critical zone and critical zone observatories  
Earths critical zone is recognized as the region at the Earth’s surface expanding 
from the top of vegetation to the base of groundwater, where complex 
interactions between rocks, water, atmosphere and living organisms take place 
(Brantley et al., 2007; Hilton and West, 2020). Chemical weathering is one of the 
key processes occurring within the Earths critical zone and its reaction rates 
integrate physical, chemical, geological, biological and hydrological 
characteristics of the environment (Brantley et al., 2017). To provide a more 





research involving different scientific disciplines is required across various scales 
(Brantley et al., 2007). For these purposes, critical zone observatories were 
established across different environments, with an overall aim to monitor, 
understand and predict mobility of water, dissolved and solid components in the 
past, present and future climatic regimes (Brantley et al., 2017; Gaillardet et al., 
2018).    
 In this work, we explore two critical zone observatories: i) the 
Susquehanna Shale Hills Critical Zone Observatory located in central 
Pennsylvania and ii) Draix-Bléone Critical Zone Observatory located in South 
French Alps.  
 Geological carbon cycle  
The habitability of Earth’s climate is governed by the transfer of carbon between 
biogeochemical reservoirs, which control oxygen (O2) and carbon dioxide (CO2) 
concentrations in the atmosphere over geological timescales (Figure 1.1; Berner 
and Canfield, 1989; Derry and France‐Lanord, 1996; Berner, 2003; Bolton et al., 
2006). A traditional view of the geological carbon cycle is that the release of CO2 
to the atmosphere through volcanic degassing (79±9 Mt C yr-1; Plank and 
Manning, 2019) is compensated by its removal through reactions between 
carbonic acid and silicate minerals (~90–140 Mt C yr-1; Equation 1.1 and 1.2; 
Gaillardet et al., 1999; Moon et al., 2014). The latter result in the formation of 
carbonate minerals in the oceans (Berner & Canfield, 1989). Another major sink 
of atmospheric CO2 is occurring through burial of biospheric (modern) organic 
carbon (Equation 1.3; France-Lanord and Derry, 1997). During the formation of 





Erosion transports modern organic carbon to rivers and oceans where it is buried 
in sediments (Berner, 1982; Meybeck, 1982).  
 
When sedimentary rocks are exhumed and re-exposed at Earth’s surface, 
for instance due to mountain building and tectonic uplift (Dewey and Horsfield, 
1970; Willett, 1999), chemical weathering can act as a CO2 source by two 
pathways. First, through the oxidation of sulfide minerals (Equation 1.4 and 1.5), 
and the subsequent dissolution of carbonate minerals by sulfuric acid 
(Equations 1.6 and 1.7; Calmels et al., 2007; Torres et al., 2014; Kemeny et al., 
2021). Second, through the oxidation of rock organic carbon (OCpetro), or so-called 
“geo-respiration” (Equation 1.9; Bolton et al., 2006; Hilton et al., 2014; Petsch, 
2014; Hilton and West, 2020). To date these fluxes have remained poorly 
constrained (Petsch, 2014; Torres et al., 2014; Burke et al., 2018) in comparison 
to silicate weathering (Hilton and West, 2020), despite first order global 
 
Figure 1.1 Processes involved in the geological carbon cycle. Modified 
after Gaillardet & Galy (2008). Carbon sequestration in the ocean (blue boxes) 
is governed by silicate weathering and burial of terrestrial (OCbio) and marine 
organic carbon into marine sediments. Once these sediments are re-exposed 
on the Earth’s surface, e.g. during mountain building, CO2 may be released to 
the atmosphere through oxidation of rock organic carbon (OCpetro) and 
carbonate weathering by sulfuric acid (red boxes). Carbon stocks in 
sedimentary lithologies are presented in mega tons of carbon (MtC) 





estimates of combined CO2 release (~40–140 Mt C yr-1), of similar magnitude as 
the release of CO2 from volcanic degassing (Figure 1.1). 
 
Box 1: Carbon sources and sinks involved in the geological carbon cycle 
CO2 sink: Silicate weathering by carbonic acid 
Dissolution of atmospheric CO2 in rainwater (H2O) leads to production of carbonic 
acid (H2CO3), which in reactions with silicate minerals results in production of 
bicarbonate (HCO3-).  
 2𝐶𝑂2 + 3𝐻2𝑂 + 𝐶𝑎𝐴𝑙2𝑆𝑖2𝑂8  
                
→     𝐶𝑎2+ + 2𝐻𝐶𝑂3
− + 𝐴𝑙2𝑆𝑖2𝑂5(𝑂𝐻)4 (1.1) 
The produced ions can be used to form new carbonate minerals (CaCO3) in the ocean, 
and result in a net sink of 1 mole of carbon. 
 𝐶𝑎2+ + 2𝐻𝐶𝑂3−  
                
→     𝐶𝑎𝐶𝑂3 + 𝐶𝑂2 + 𝐻2𝑂 (1.2) 
CO2 sink: Burial of biospheric organic carbon 
Organic matter (CH2O) is formed through photosynthesis, removing CO2 from the 
atmosphere. The newly formed organic matter may be buried in the ocean (Berner 
and Raiswell, 1984).   
 𝐶𝑂2 + 𝐻2𝑂 
                
→     𝐶𝐻2𝑂 + 𝑂2 (1.3) 
CO2 source: Carbonate dissolution by sulfuric acid 
Oxidation of sulfide minerals occurs via gaseous or dissolved di-oxygen (O2) or by 
reduction of the ferric iron (Fe3+). These reactions lead to production of sulfuric acid 
(H2SO4), a strong weathering agent.  
 4𝐹𝑒𝑆2 + 15𝑂2 + 14𝐻2𝑂 
                
→     4𝐹𝑒(𝑂𝐻)3 + 8𝐻2𝑆𝑂4 (1.4) 
 𝐹𝑒𝑆2 + 14𝐹𝑒3+ + 8𝐻2𝑂 
                
→     15𝐹𝑒2+ + 2𝑆𝑂4
2− + 16𝐻+ (1.5) 
When H2SO4 is in contact with carbonate minerals, CO2 may be directly released to 
the atmosphere.  
 𝐶𝑎𝐶𝑂3 + 𝐻2𝑆𝑂4
                
→     𝐶𝑂2 + 𝐻2𝑂 + 𝐶𝑎
2+ +𝑆𝑂4
2− (1.6) 
Alternatively, the CO2 release may be delayed by the time of carbonate precipitation 
in the ocean (106 yr) (e.g. Torres et al., 2014). 
 2𝐶𝑎𝐶𝑂3 + 𝐻2𝑆𝑂4  
                
→     2𝐶𝑎2+ + 𝑆𝑂4
2− + 2𝐻𝐶𝑂3
− (1.7) 
 𝐶𝑎2+ + 2𝐻𝐶𝑂3−  
                
→     𝐶𝑎𝐶𝑂3 + 𝐶𝑂2(𝑔) + 𝐻2𝑂 (1.8) 
CO2 source: Rock organic carbon oxidation 
Organic carbon stored in rocks (OCpetro) is oxidized by atmospheric oxygen or oxygen-
bearing water (Petsch et al., 2000). 
 𝐶𝐻2𝑂 + 𝑂2  
                








 Rock organic carbon oxidation 
The vast reservoir of rock-derived (or “petrogenic”) organic carbon (OCpetro) in 
sedimentary rocks was produced by the burial of the organic matter from the 
terrestrial and marine biosphere into marine sediments (Equation 1.3; Berner 
and Raiswell, 1984; Petsch, 2014). Sedimentary rocks may contain up to 5–10% 
OCpetro by weight, for instance in black shales (Jaffe et al., 2002). However, it is 
more common that OCpetro concentrations in sedimentary rocks are ~1 % or less 
(Wildman, 2004). When sedimentary rocks are re-exposed to surface processes, 
such as weathering and erosion, OCpetro can be oxidized and the C transferred to 
the atmosphere in gaseous form as CO2 (Equation 1.9; Bolton et al., 2006).  
Previous work has attempted to track OCpetro oxidation in weathered rocks 
that develop over long periods of time, in a weathering profile, with OCpetro loss 
in the surface (weathered) sediments compared to deeper (un-weathered) parts 
of the profile (Jaffe et al., 2002; Petsch et al., 2000). These study cases have limited 
constraint on the exact rate of CO2 release because they lack long-term 
denudation rates estimates. The main challenges are therefore to determine both 
the proportion of rock that has been oxidized and the time frame over which the 
reaction occurred. Additionally, the extent of oxidation from a single weathering 
profile gives only a local constraint and may not be representative over larger 
spatial scales.  
Recently, a method to make direct measurements of CO2 release from 
oxidative weathering of sedimentary rocks was presented by Soulet et al. (2018). 
In this study, CO2 flux was measured in chambers drilled into a marl outcrop, with 
OCpetro concentrations ~0.5 % at the Draix-Bléone Critical Zone Observatory 





~3000 mgC m-2 day-1, which is within the range of fluxes reported for soil 
respiration (Soulet et al., 2021). An advantage of this approach is that it directly 
tracks the CO2 flux produced within the outcrop. A disadvantage is that 
partitioning the source of CO2 between atmospheric, biospheric, and lithological 
(inorganic and organic) carbon sources can be challenging even by using the 
stable carbon isotope and radiocarbon signature. Additionally, the 
measurements are inherently local in scale, and upscaling oxidation rates is not 
straightforward.  
An alternative approach to quantify chemical weathering rates is to 
measure the products of weathering and erosion carried by rivers, which have 
the benefit of better integrating processes over large areas (e.g. Gaillardet et al., 
1999). However, tracking OCpetro oxidation using river loads is not without 
challenges. Rivers are biogeochemically active and transport large amounts of 
young, more recently fixed organic carbon, which is commonly lost by active 
degassing. Quantification of OCpetro oxidation is therefore challenging because of 
the high background of degassing of modern OC (Marx et al., 2017; Richey et al., 
2002; Worrall et al., 2013). When tracking the products of erosion in river 
sediments, there are only a few studies, which attempt to track the loss of OCpetro 
(i.e. OCpetro oxidation and CO2 release) at a catchment scale. For example, Galy et 
al. (2008) and Bouchez et al. (2010) combined Raman spectroscopy and 
radiocarbon measurements to determine the proportion of OCpetro loss in the 
Ganges and Amazon river sediments, respectively. However, tracking OCpetro 
oxidation via loss in sediments is challenging when the intensity of weathering is 
low, which is the case in many locations where erosion and weathering fluxes can 





weathering rates focus on large catchments, however, net carbon fluxes may be 
variable across the river network as it has been shown on a case study from the 
Amazon in Clark et al. (2017). Therefore, to provide a detail investigation of the 
chemical weathering processes and controls navigating the rates, this research 
turns to small (<1 km2) headwater catchments, which allow isolation of single 
mechanisms and factors involved in chemical weathering reactions.  
There has been growing recognition that the trace element rhenium (Re) 
provides a useful proxy to track and quantify OCpetro oxidation at both weathering 
profile (Jaffe et al., 2002) and river catchment scales (Dalai et al., 2002; Hilton et 
al., 2014). The Re proxy is discussed in more detail herein, but in summary, the 
proxy relies on the strong association between Re and OCpetro in shales and on the 
mobilization of oxidized Re to the dissolved load in river catchments. The Re 
proxy is one approach that this thesis will explore to track OCpetro oxidation rates 
from chemical weathering of sedimentary rocks.  
 The rhenium proxy 
1.5.1 Background 
Rhenium (Re) is a trace element in the Earth’s crust (average 0.4 ppb; McLennan, 
2001; Dubin and Peucker-Ehrenbrink, 2015) but is significantly enriched in 
reduced sediments, especially in organic carbon-rich black shales (~150 ppb; 
Colodner et al., 1993; Selby and Creaser, 2003). While oxidative weathering 
releases CO2 to the atmosphere (Petsch et al., 2000), oxidized Re is released to 
streams and rivers in a form of perrhenate ion (ReO4-; Figure 1.2A), which is 
soluble over pH and Eh conditions of most river waters (Brookins, 1986; 





powerful weathering proxy (Colodner et al., 1993), while the coupled loss of Re 
and OCpetro from rocks during oxidative weathering provides further momentum 
for its application (Figure 1.2B and C; Jaffe et al., 2002; Hilton et al., 2014).  
 
 The close association of Re with OCpetro is an underlying assumption for 
the application of the Re proxy. Until now, this has been studied in OC- and Re-
rich shales (Peucker-Ehrenbrink and Hannigan, 2000; Jaffe et al., 2002; Hilton et 
al., 2014). These studies identified first-order common Re and OC loss, however, 
Re was generally more depleted in the surface sediments compared to OCpetro 
(Figure 1.2B and C). A potential explanation for these differences could be that Re 
is also present in other mineral phases, e.g. sulfide minerals, with faster oxidation 
kinetics compared to OCpetro (Chang and Berner, 1999; Petsch et al., 2000). An 
alternative explanation would suggest contribution of modern OC in the studied 
profiles (Jaffe et al., 2002). It is important to also characterize the Re association 
 
Figure 1.2: Example of the rhenium (Re) proxy for tracking OCpetro 
oxidation. A: Schematic illustration of OCpetro oxidation resulting in CO2 
release to the atmosphere, while Re is released to the dissolved load, where it 
can be measured. Its fluxes may be estimated over catchment scales. B and C: 
Coupled loss of organic carbon (OC) and rhenium (Re) from surface layers 
(>~3m) of the 15 m deep black shale weathering profile sampled in Clay City 





with OC in OC-poor environments (<1 %), which are common among 
sedimentary rocks (Amiotte Suchet et al., 2003). The Re proxy may help the 
determination of OCpetro oxidation rates in this setting, because Re can be 
measured precisely in sediments with low Re abundances (as low as 10-12 g g-1, 
i.e. ppt; Dellinger et al., 2020), while there are analytical limitations to accurate 
measurements of low OC concentrations in sedimentary rocks. Here the focus is 
to study Re and OCpetro loss in low OC (<0.05 %) shale weathering profiles at the 
Susquehanna Shale Hills Critical Zone Observatory (CZO) in central Pennsylvania 
(Chapter 3).  
1.5.2 Rhenium source  
1.5.2.1 Mineralogical source 
In erosive settings, where mineral supply to the weathering zone is high, 
weathering of reduced sediments is thought to be the main source of Re to the 
dissolved river load (Dalai et al., 2002; Horan et al., 2019). A number of studies 
suggested that Re may be sourced from at least three mineralogical phases: 
OCpetro, sulfide and silicate minerals (Dalai et al., 2002; Horan et al., 2019; Miller 
et al., 2011). Recently, Horan et al. (2019) quantified the proportion of Re form 
these sources in sediments and river water using the Re/Na versus Re/SO4 
elemental ratios (Figure 1.3). This was proposed because silicate and sulfide 
minerals are thought to have low Re abundance (Dalai et al., 2002; Miller et al., 
2011), while Re is commonly enriched in the OCpetro-rich sedimentary rocks 
(Colodner et al., 1993; Dai et al., 2015). Nonetheless, until now, the sulfide end-
member has remained less well-constrained (Figure 1.3), which is addressed in 






1.5.2.2 Anthropogenic source 
In addition to the mineralogical sources, a large proportion of Re may be derived 
from anthropogenic inputs (Miller et al., 2011). This is especially important in 
low erosive environments with low inputs from chemical weathering that are in 
close proximity to pollution sources. For example, anthropogenic Re inputs have 
been invoked to explain high dissolved Re concentrations (40–109 pmol l-1) in 
rivers draining into the Black Sea, despite no indication of black shale lithologies 
(Colodner et al., 1995). The excess Re was attributed to burning low-grade coal 
in the vicinity of the river basins. Miller et al. (2011) presented a global 
compilation of Re concentrations in river water and suggested a number of rivers 
with elevated Re concentrations, such as Danube (Europe; 74 pmol l-1), 
Mississippi (N America; 57 pmol l-1), Rhine (Europe, 57 pmol l-1), and Yangtze 
(Asia, 55 pmol l-1). Based on Re concentrations measured in rain water, they 
 
Figure 1.3: Mixing space to determine mineralogical Re source. Samples 
are plotted in the mixing space to determine the percentage of Re derived from 
OCpetro and other sources. The two vertical lines in the middle of the model 
display 70% and 90% of Re sourced from OCpetro. The sulfate end-member is 





proposed a global assessment of ~30% of dissolved Re in modern-day large 
world rivers being anthropogenic origin (Miller et al., 2011). Anthropogenic Re-
enrichments have also been recognized in sediment cores from lacustrine basins 
in uninhabited Eastern Canada (Chappaz et al., 2008) and in black coral records 
from the Gulf of Mexico, dating the industrial time ~1850s (Prouty et al., 2014).  
The transfer of anthropogenic Re between different surface reservoirs 
(e.g. soil, rivers) and the legacy of the atmospheric deposition of Re at a catchment 
scale are not known. Since Re is not thought to be cycled through standing 
biomass and vegetation, and due to its high mobility potential into the 
hydrological network (Brookins, 1986; Colodner et al., 1993; Miller et al., 2011), 
the proxy may be used to study the legacy of anthropogenic inputs on a catchment 
scale, as attempted in Chapter 3. 
1.5.3 Calculation of modern-day OCpetro oxidation rates  
Once Re is measured in the dissolved load and its sources are determined, the 
dissolved Re flux can be calculated. This provides the basis to quantify the 
modern-day OCpetro oxidation rates (JCO2) as presented in Equation 1.10 (Hilton et 
al., 2014; Horan et al., 2017, 2019). 
Here JRe-OCpetro is the flux of Re derived from OCpetro (mol km-2 yr-1), (OC/Re)petro is 
the ratio measured in the catchment rocks, and fgraphite is the proportion OCpetro 
which may not be susceptible to oxidation (Galy et al., 2008).  










A growing number of studies that have applied the dissolved Re proxy, 
suggest notable variability in OCpetro oxidation rates between 0.63 and 
30 tC km-2 yr-1. These rates are based on studies set in mountainous catchments, 
such as Yamuna and Ganga river basins in the Himalaya (Dalai et al., 2002), 
catchments in Taiwan (Hilton et al., 2014), New Zealand’s Southern Alps (Horan 
et al., 2017), and in the Mackenzie River system (Horan et al., 2019). However, a 
common limitation of all these previous studies is that the estimates of Re yields 
are based on a limited number of samples. Studies on major dissolved elements 
in river waters (e.g. Tipper et al., 2006; Calmels et al., 2011; Li et al., 2015; 
Winnick et al., 2017) showed that frequent sampling technique may reveal 
seasonality and flood-event scale variability, which are essential characteristics 
for precise estimations of the annual elemental fluxes. In addition, small, densely 
monitored catchments may allow isolation of factors that control the variability 
in stream water chemistry, e.g. climate, lithology and hydrology (Jiang et al., 2018; 
West et al., 2002; Yu et al., 2019). A major novelty of this thesis is to use high 
frequency time-series measurements across various flow regimes and multiple 
seasons in two small, headwater catchments located in South French Alps, part of 
the Draix-Bléone CZO, for detail investigation of OCpetro rates and controls 
(Chapter 4). 
 Sulfide oxidation and carbonate weathering by sulfuric acid 
Sulfide oxidation coupled to carbonate dissolution has been recognized as an 
important source of CO2 to the atmosphere over geological time scales (Calmels 
et al., 2007; Torres et al., 2014). A pyrite-rich shale lithology may lead to the 





Equation 1.4) or iron redox cycling (Box 1, Equation 1.5). The resultant acidity 
can be buffered by dissolution of carbonate, which can directly release CO2 to the 
atmosphere (Box 1, Equation 1.6). Alternatively, carbon from carbonate 
dissolution may enter the bicarbonate pool in river water, then the CO2 release to 
the atmosphere is delayed by the timescale of the carbonate precipitation in the 
ocean (~106 yr; Box 1, Equation 1.7; Berner & Berner, 2012; Torres et al., 2014). 
Weathering of carbonates by sulfuric acid may alter carbonic acid equilibrium, 
which can have a direct impact on the CO2 consumption through the silicate 
weathering (Bufe et al., 2021).  
Sulfide oxidation fluxes can be estimated from dissolved SO4 
concentrations across river catchments, providing that the source of SO4 is 
known (Calmels et al., 2007; Turchyn et al., 2013). Dominant sources of SO4 at the 
catchment scale are atmospheric deposition, oxidation of sulfide minerals, and 
evaporite dissolution (Karim and Veizer, 2000; Spence and Telmer, 2005; 
Turchyn et al., 2013). These have been isolated using several approaches, for 
example: i) the isotopic composition of dissolved inorganic carbon, alongside 
sulfate concentrations (Galy and France-Lanord, 1999; Li et al., 2008; Spence and 
Telmer, 2005); ii) the S isotope ratio of dissolved sulfate to other major ions 
(Torres et al., 2016); and/or iii) the coupled S and O isotope composition (δ34SSO4, 
δ18OSO4) of dissolved sulfate (Calmels et al., 2007; Karim and Veizer, 2000; 
Turchyn et al., 2013; Tuttle et al., 2009). The latter method is particularly useful, 
since the δ34SSO4 in river water can reflect the δ34S signal of the weathered 
lithology, while the δ18OSO4 carries information on the oxidizing environment in 
case of sulfide weathering (Calmels et al., 2007; Turchyn et al., 2013). A 





acid is to apportion dissolved cations between the carbonate and silicate 
weathering source (Gaillardet et al., 1999; Jacobson and Blum, 2003; Winnick et 
al., 2017), and to determine the prevailing weathering agent, that is carbonic 
versus sulfuric acid (Blattmann et al., 2019; Li et al., 2008; Spence and Telmer, 
2005; Torres et al., 2016; Winnick et al., 2017).  
Despite these advances, to date, only a handful of studies have determined 
the rates of CO2 release from carbonate weathering on a catchment scale (Calmels 
et al., 2007; Das et al., 2012; Torres et al., 2014). These studies were mostly 
focused on large catchments, where isolation of single mechanisms and factors 
involved in the production of sulfuric acid and carbonate dissolution is 
challenging (Tipper et al., 2006; Turchyn et al., 2013). This work seeks to 
determine carbon sequestration and emission rates by studying high temporal 
resolution stream water chemistry in two headwater catchments, of Draix-
Bléone CZO in South French Alps (Chapter 5).   
 Controls on oxidative weathering reactions 
Controls on chemical weathering can be related to mineral supply, such as 
lithology, uplift and erosion (Bluth and Kump, 1994; Gaillardet et al., 1999; Millot 
et al., 2003; Stallard and Edmond, 1983) and climate mechanisms, including 
temperature (Kump et al., 2000; White and Blum, 1995) and hydrology (Calmels 
et al., 2011; Gaillardet et al., 1999; Maher, 2011; Maher and Chamberlain, 2014; 
Tipper et al., 2006; White and Brantley, 2003).  The importance of these controls 
depends on the weathering regime, i.e. whether chemical weathering reactions 
are limited by the supply of fresh mineral surfaces available for oxidation 





limited regime) (Gabet and Mudd, 2009; Hilton and West, 2020; Riebe et al., 2004; 
West et al., 2005; West, 2012). These weathering regimes have been well-
characterized for silicate watering; in a supply-limited regime, silicate 
weathering fluxes are poorly sensitive to changes in temperature (Riebe et al., 
2004; West et al., 2005) and runoff (Maher and Chamberlain, 2014). In contrast, 
in kinetically-limited regimes (at high erosion rates), silicate weathering fluxes 
are strongly modulated by temperature and runoff, i.e. there is a strong negative 
feedback between climate and silicate weathering rates (Hilley et al., 2010; Maher 
and Chamberlain, 2014; West et al., 2005). 
The erosion control on OCpetro and sulfide oxidation remains far less studied 
(Bufe et al., 2021; Calmels et al., 2011; Hilton and West, 2020) compared to the 
silicate weathering. This thesis studies chemical weathering rates in sedimentary 
catchments across different erosional regimes, with particular focus on the role 
of seasonality in air temperatures and precipitation periods (autumn and spring) 
on weathering reactions. The choice of studied catchments and sampling strategy 
(the high temporal resolution sampling) adopted here allow us to explore 
climatic controls in the kinetically- and supply-limited regimes in terms of OCpetro 
and sulfide mineral oxidation. 
1.7.1 Erosion control  
1.7.1.1 Rock organic carbon oxidation 
Oxidation of OCpetro occurs at faster rate than chemical weathering of silicate 
minerals (Chang and Berner, 1999; White, 2003), suggesting that oxidative 
weathering can keep pace with continuous supply of fresh mineral surfaces in 





positive link between OCpetro oxidation and erosion was recently observed in 
compiled global datasets on OCpetro weathering rates (Figure 1.4A; Hilton and 
West, 2020).  
However, environments with low erosion rates, where the supply of 
elements to the oxidative weathering surface is limited (i.e. supply-limited 
regime) have been so far only sparsely investigated. In a low-erosion setting, 
thick weathering profiles on black shales have been studied in some detail 
(Petsch et al., 2000; Jaffe et al., 2002; Wildman, 2004), but the corresponding 
rates of CO2 release are not well known (Petsch, 2014). Areas with lower erosion 
rates (<0.5 mm yr-1) comprise a large land mass on the continental surface and 
may contribute to ~60 % of global chemical denudation (Larsen et al., 2014). 
Here, this research gap is addressed by studying OCpetro oxidation rates in low 






Figure 1.4: Erosion control on modern-day CO2 release estimates. A: Catchment-scale estimates of rock organic carbon oxidation 
(OCpetro). B: Catchment-scale estimates of inorganic carbon weathering by sulfuric acid. SSH CZO stands for the Susquehanna Shale Hills 
Critical Zone Observatory investigated in Chapter 3. The Laval and Brusquet catchments from the Draix-Bléone CZO are investigated in 





1.7.1.2 Sulfide oxidation 
Similar to OCpetro, sulfide oxidation is characterized by rapid reaction kinetics 
(Williamson and Rimstidt, 1994), which would suggest an increase in oxidation 
rates with higher material supply. Indeed, sulfide oxidation shows a broadly 
positive correlation with an increase in erosion rates across different catchments 
(Calmels et al., 2011; Hilton and West, 2020), suggesting that oxidation of sulfide 
minerals is supply-limited even at very high erosion rates (Bufe et al., 2021; 
Hilton and West, 2020). This is supported by estimates of high sulfide oxidation 
rates in recently mobilized landslides in South French Alps (Nevers et al., 2020), 
in anthropogenically modified catchments in the Appalachian Mountains (Ross et 
al., 2018), and highly erosive catchments in Taiwan (Blattmann et al., 2019; Bufe 
et al., 2021; Das et al., 2012; Torres et al., 2014).  
Here, we provide new estimates on the inorganic carbon weathering by 
sulfuric acid in a paired catchment study of the Draix-Bléone CZO across large 
differences in erosion rates (Chapter 5).  
1.7.2 Climate controls  
1.7.2.1 Rock organic carbon oxidation 
In catchments with high to moderate erosion rates, i.e. Taiwan (Hilton et al., 
2014) and New Zealand’s Southern Alps (Horan et al., 2017), the correlation 
between erosion and OCpetro oxidation is scattered (Figure 1.4A). This scatter may 
result from the variable OCpetro concentrations in catchment rocks. Alternatively, 
in kinetically-limited regimes, OCpetro oxidation may be locally limited by air 
temperature, oxygen supply or microbial activity (Bolton et al., 2006; Hemingway 





temperature-driven seasonal changes of CO2 fluxes derived from chemical 
weathering of a marl outcrop in the Draix-Bléone CZO. To investigate potential 
climatic controls (temperature, hydrology) on OCpetro weathering rates this study 
investigates seasonality in chemical weathering products in the dissolved load in 
two catchments within the Draix-Bléone CZO in Chapter 4. This provides an 
opportunity to compare two independent methods for determining rates of 
oxidative weathering (direct CO2 measurements and dissolved stream load) and 
potential temperature impact on OCpetro mineral oxidation in the same catchment. 
1.7.2.2 Sulfide oxidation  
Similar to OCpetro oxidation, sulfide oxidation is thought to be controlled by 
temperature through reaction kinetics and microbial activity (Calmels et al., 
2007; Hemingway et al., 2018; Percak-Dennett et al., 2017; Petsch et al., 2000). 
Recent studies used time-series datasets covering several decades of stream 
water chemistry to search for potential changes in sulfide oxidation with recent 
climate change. For example, Zhi et al. (2020) observed seasonality in dissolved 
solutes that are active in soils (DOC, Al, Fe, Pb) in a high elevated catchment in 
Colorado, while no seasonality was observed in solutes associated to rock 
weathering (Ca, Mg, Na). In contrast, Crawford et al. (2019) showed increasing 
trend in dissolved SO4 flux over the last 30 years in several Alpine catchments 
around the globe. They revealed a positive correlation between the SO4 flux and 
daily temperatures and suggested that production of sulfuric acid and carbonate 
dissolution may have positive feedback, releasing more CO2 as the climate warms.  
In Chapter 5 we study the temperature dependency on production of 





CZO and we investigate trends alongside direct CO2 measurements made in the 
same catchment by (Soulet et al., 2021).  
 Thesis aims and research questions  
The overall aim of this thesis is to provide new insights on chemical weathering 
processes resulting in the CO2 release to the atmosphere. A focus is on 
investigating mobility of chemical elements in the Earth’s critical zone and 
applying novel proxies to provide estimates of chemical weathering rates. By 
studying interactions between hydrology, climate, weathering and erosion, this 
research will shed new light on the controls of CO2 release from sedimentary rock 
weathering.  
To address these aims the following research questions (RQ) have been 
outlined: 
1. Oxidation of rock-derived organic carbon: 
a. Determine the mobility of OCpetro and Re during oxidative 
weathering. 
b. Quantify the proportion of Re in the bedrock and dissolved load of 
rivers that it is derived from OCpetro versus that from other sources. 
c. Quantify dissolved Re flux and characterize its temporal variability 
in river catchments. 
d. Estimate the modern-day and/or long-term CO2 emissions from 
OCpetro oxidation.  
e. Unravel the main controls (e.g. erosion, climate, oxygen supply etc.) 






2. Carbonate weathering by sulfuric acid: 
a. Investigate the source and oxidation environment of dissolved 
sulfate in the dissolved load.  
b. Quantify the prevailing weathering lithology (carbonate vs. 
silicate), determine dissolved fluxes and characterize their 
temporal variability in river catchments. 
c. Estimate the present-day inorganic carbon budget on small 
catchment scales. 
d. Unravel the main controls (e.g. erosion, climate, oxygen supply, 
reaction kinetic) on sulfur oxidation and carbonate weathering in 
shale-dominated catchments.  
 
 Thesis synopsis 
This thesis starts with a brief overview of the geochemical methods and data 
analysis approaches (Chapter 2) used to tackle the thesis aims. The subsequent 
Chapters 3-5 are presented as research papers that are intended for publication 
in peer-review journals. The thesis is finalized with a summary section and future 
directions. 
Chapter 3 explores mobilization of Re alongside OCpetro weathering in 
OC-poor (<0.05 %) deep weathering profiles (RQ 1a), sampled in the 
Susquehanna Shale Hills CZO in central Pennsylvania. This chapter also provides 
estimates on the long-term OCpetro oxidation rates in low erosive setting using the 
Re proxy and OCpetro measurements, which are obtained from radiocarbon 





sources of Re to the catchment soils and its link to the legacy of industrial 
activities in the region (RQ 1b).   
Chapter 4 studies the production and mobility of Re in a paired catchment 
approach of two small (<1 km2) mountainous catchments in South French Alps 
(Draix-Bléone CZO) which contrast markedly in their physical erosion rates. 
Here, the stream water dataset sampled across various flow regimes and seasons 
is used to study different mineral sources of Re to the dissolved load (RQ 1b), with 
emphasis on constraining the sulfide end-member. Additionally, the high 
temporal resolution stream dataset allows us to study seasonality in Re 
production and mobility (RQ 1c), and to discuss the implications for the 
environmental control on OCpetro oxidation (RQ 1e).  
Chapter 5 determines the fluxes of silicate and carbonate weathering in 
paired catchments across large differences in erosion rates in the Draix-Bléone 
CZO (RQ 2c). An emphasis is on quantifying the role of carbonate dissolution by 
sulfuric acid (RQ 2a). Elemental ratios of major solutes in stream water are used 
to determine the silicate and carbonate weathering rates and determine the 
dominant weathering agent (carbonic acid versus sulfuric acid; RQ 2b). Stable 
sulfur isotope is measured on dissolved sulfate, suggesting pyrite oxidation as the 
dominant source of SO4 (RQ 2a). Stable oxygen isotope on SO4 gives insights on 
sulfur oxidation environment. As in Chapter 4, controls on the CO2 release are 
investigated (RQ 2d).  
Chapter 6 presents a summary of the key results and discusses the 
potential directions for future work that could arise from this research. 
CHAPTER 2 
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Column chemistry setup for collecting Re solutions after a complete digestion 
procedure of solid samples; Clean lab facilities at Durham University, Department 
of Earth Sciences, June 2019 
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Geochemical analysis of water and solid samples are essential to understand the 
transfer of elements through the Earth’s critical zone by weathering and erosion. 
In this work, two densely monitored critical zone observation sites have been 
selected: i) Susquehanna Shale Hills Critical Zone Observatory in central 
Pennsylvania and ii) Draix-Bléone Critical Zone Observatory in South French 
Alps. To address the research framework, we put emphasis on using a range of 
geochemical proxies such as trace element rhenium (Re), total organic carbon 
(TOC), stable carbon isotope (δ13C), and the major elemental concentrations of 
solid and water samples. Selected samples were analyzed for radiocarbon (Δ14C), 
sulfur concentration and stable sulfur and oxygen isotopes. In the following, a 
short summary and justification for the study site selection is provided and their 
main characteristics are compared. Then, the analytical methods used in this 
thesis are described and the precision, accuracy and uncertainties of the 
measurements are discussed. This is followed by descriptions of computational 
analysis for estimations of the chemical weathering fluxes. Finally, a flow diagram 
is presented in Figure 2.8. to illustrate the link between the generated data, the 
research questions and the scientific chapters 3, 4, and 5. 
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 The study sites 
With an aim to investigate chemical weathering rates across different 
sedimentary environments, we here investigate three small headwater 
catchments: i) the Shale Hills catchment at the Susquehanna Shale Hills CZO in 
central Pennsylvania, and two neary catchments: ii) the Laval catchment and iii) 
the Brusquet, located at the Draix-Bléone CZO in South French Alps.  
Work within critical zone observatories allows us to investigate 
complementary datasets of air temperature and precipitation measurments, 
discharge rates, suspended sediment and bed load yields. Investigating small 
catchment areas (all <1 km2) provides constrains on the local controls on the 
chemical weathering processes and rates, such as small-scale lithological 
variability, vegetation cover, and hydrology while other parameters, for example, 
the climate is consistent. All three catchments are set in temperate climate and 
draining sedimentary, shale lithology, making the results conducted from this 
study representable for the large proportion of the Earth’s surface (Amiotte 
Suchet et al., 2003; Copard et al., 2007). However, the study catchments differ in 
the OCpetro concentrations of the sedimentary rock, which are the lowest at the 
Shale Hills site (<0.05 % TOC; Jin et al., 2014) and higher at the Laval 
(~0.5 %TOC; Graz et al., 2012) and at the Brusquet (~1 % TOC; Graz et al., 2012). 
The catchments lithology further differs in the percentage of the carbonate and 
sulfur fractions (Table 2.1), allowing us to explore how these lithological 
differences navigate the catchments’ scale carbon budgets. Another large 
differences between the catchments arises from the export of the suspended 
sediment yield and denudation rate, which is the lowest at the Shale Hills and the 
Brusquet, but strikingly high at the Laval (Table 2.1). Differences in suspended 
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sediment yield export is partly reflected in the extent of the vegetation cover, 
which is the lowest at the Laval (32%), but more similar at the Brusquet and the 
Shale Hills sites (~90%). 
Beside the geological characteristics of the Shale Hills site, the main advantage 
of studying this catchment is the opportunity to investigate deep weathering 
profiles (up to ~30 m), which provide new insights on the source and mobility of 
Re and OCpetro during shale weathering. So far, this has not been constrained in 
the OC-poor shale. In addition, an extensive archive of surface soil samples give 
us opportunity to shed new light on the potential anthropogenic perturbation of 
the surface Re cycle, as it has been previously researched for other metals at this 
site (Herndon et al., 2015b, 2011, Herndon and Brantley, 2011, Kraepiel et al., 
2015, Ma et al., 2014). 
Catchments within the Draix-Bléone observatory are being monitored since 
the early 1980s for the continuous measurement of water discharge, suspended 
sediment and bed load concentrations and fluxes (Mathys et al., 2003). This 
provides detailed datasets for accurate quantification of dissolved and 
particulate geochemical fluxes and gives contextual information on decadal 
erosion rates. Additionally, previous research on long-term erosion rates (Mathys 
et al., 2003), quantification of the solid export of un-weathered OCpetro (Graz et al., 
2012) and catchment hydrology (Cras et al., 2007; Marc et al., 2017) can help to 
broader our understanding on the controls on chemical weathering rates. Finally, 
the sites are part of a broader weathering experiment, which include direct in-
situ measurements of CO2 production during weathering (through ROC-CO2 
project collaborators Dr. Guillaume Soulet and Tobias Roylands). 
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Table 2.1. Main characteristics of the investigated catchments.Physical characteristic of the study sites (area, vegetation cover, slope, 
denudation rate) for the Draix-Bléone study sites are from Mathys et al., 2003 and for the Shale Hills site from West et al., 2013. *A range 
of slopes instead of the average catchment slope is given for the Shale Hills catchment. Denudation rate (mm yr-1) for Draix-Bléone study 
sites is calculated based on the long term suspended sediment yield export (Carriere et al., 2020) and for rock density of ~2 t m-3. Chemical 
characteristics of the bedrock, i.e. Total organic carbon (TOC), sulfur (S) and inorganic carbon (IC) concentrations for the Draix-Bléone 
study sites are from Graz et al., 2012 and Soulet et al, 2021. Chemical characteristics of the bedrock for the Shale Hills are from Jin et al., 
2014; and Gu et al., 2020.  
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Shale Hills 0.08 - 8-30* 0.01 – 0.025 
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 Analytical methods 
2.2.1 Total organic carbon and its isotopic composition 
Total organic carbon (TOC) and stable carbon isotope (δ13C) of solid samples 
were determined to track TOC loss during chemical weathering or addition 
through biological input. Analysis of TOC require the removal of detrital 
carbonates from sample powders. This was done by weighing out ~40 mg of a 
dry sample into a pre-combusted silver capsule (450 °C for four hours) and by 
adding 1N HCl, followed by drying the sample in an oven at 60 °C. To ensure the 
complete removal of carbonates, each sample was rinsed with 1N HCl three times. 
The TOC and δ13C measurements were carried out with a mass spectrometer 
connected to an elemental analyzer at Elemtex, Stable Isotope Analytical 
Laboratory, Cornwall, UK. Corrections for procedural and instruments blanks 
were applied and the δ13C was normalized to the composition of international 
standards, reported relative to the Vienna Pee Dee Belemnite (VPDB) with a 
precision of 0.2 ‰. 
The method was validated by measuring the soil standard material NCS-
DC73319 and two international certified synthetic standards, IAEA 600 (caffeine) 
and IAEA CH3 (cellulose), for δ13C values. The standard materials were processed 
in the same way as the samples. The accuracy on TOC concentrations was better 
than 1% (n=6), and the accuracy of δ13C values was 0.01–0.04 ‰ (n=6) compared 
to the standard materials. Sample replicates run at the beginning and the end of 
an analytical sequence show high precision of the analysis, even at low TOC 
concentrations measured in this study. The TOC concentrations show a positive 
correlation between the sample replicates with r2~1 and slope of 1.03 (Figure 
2.1A). The high precision was further validated by analyzing a subset of samples 
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at two different laboratories, Elemtex, Stable Isotope Analytical Laboratory 
(Cornwall, UK) and National Ocean Sciences Acceleration Mass Spectrometry 
Facility (NOSMAS) at Woods Hole Oceanographic Institution (WHOI). The TOC 
concentration measurements obtained at these two laboratories are in close 
agreement, with a correlation coefficient r2 of 0.99 (Figure 2.1B). 
 
 A subset of solid samples from deep weathering profiles from the 
Susquehanna Shale Hills Critical Zone Observatory were analyzed for 
radiocarbon. The detrital carbonates were removed by acid leach (1N HCl) in 
clean, pre-combusted glass wear (at 450 °C). The samples were centrifuged and 
the supernatant was discarded. The sample residue was rinsed with deionized 
water and oven dried at 60 °C at Durham University, Department of Geography. 
The radiocarbon measurements were made at National Ocean Sciences 
Acceleration Mass Spectrometry Facility (NOSMAS) at Woods Hole 
 
Figure 2.1: Precision of total organic carbon (TOC) concentration 
measurements. A: Replicate measurements of TOC concentration for samples 
run at the beginning and the end of the analytical sequence. The linear 
regression line results in an excellent fit between the sample replicates. 
B: Comparison of TOC measurements of the same samples measured in 
Elemtex, Stable Isotope Analytical Laboratory, Cornwall, UK (X-axis) and 
National Ocean Sciences Acceleration Mass Spectrometry Facility (NOSMAS) 
at Woods Hole Oceanographic Institution (Y-axis). The TOC concentration 
measurements show a close fit between the two different laboratories. The 
envelope around the regression line represents the 95% confidence interval.  
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Oceanographic Institution (WHOI) following the standard procedures for Atomic 
Mass Spectroscopy (AMS; McNichol et al., 1994).  
2.2.2 Rhenium concentrations  
Rhenium is one of the rarest elements present in the Earth’s environment with 
concentrations in solid materials ranging between 10-12 g g-1 and 10-9 g g-1 
(Dellinger et al., 2020). Consequently, Re concentrations in natural river waters 
are commonly low, that is between 8.7×10-13 to 4.7×10-12 g g-1 (Colodner et al., 
1993; Dalai et al., 2002; Miller et al., 2011; Hilton et al., 2014; Horan et al., 2017, 
2019).  
2.2.2.1 Direct calibration technique for Re concentrations in waters 
In previous studies, various methods have been applied to determine dissolved 
Re concentrations in river waters. For example, the standard addition method 
(Miller et al., 2011, Hilton et al., 2014), or the combination of isotope dilution and 
ion exchange column chemistry technique, both resulting in sufficiently low 
detection limit for Re determination (Colodner et al., 1993; Hilton et al., 2014; 
Horan et al., 2017, 2019). Both methods require time-consuming sample 
preparation before measurements. More recently, Horan (2018) directly 
measured Re in dissolved load without any sample preparation by using multi-
elemental calibration standards on a quadrupole inductively-coupled-plasma 
mass spectrometer. The main advantage of this method is minimal sample 
preparation, which limits potential sources of sample contamination, and 
provides similar results to isotope dilution technique. Additionally, this 
technique requires a small sample volume (2.75 ml) and has a short processing 
time (Horan, 2018).  
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In this thesis, we measured Re concentrations in water samples without 
sample preparation using Agilent 7800 quadrupole inductively coupled plasma 
mass spectrometer (Q-ICP-MS) at Durham University, Department of Geography. 
A range of multi-elemental standard solution was prepared to cover the expected 
range of trace element concentrations in river waters (a 7-point calibration line 
with Re concentrations from 0.3 to 70 ng l-1). To correct for any potential matrix 
effect, an internal standard containing a mixture of Sc, Tb, Rh, In, Bi, and Ge was 
added to each acidified river water sample (final concentration of 0.025 mg l-1). 
In each measurement session, the detection limit was calculated as three 
standard deviations of all the measured blank solutions and returned an average 
value of 0.01 ppt Re. 
The accuracy of the measurements was checked by measuring Ottawa 
River water reference material SLRS-5 (Canadian National Research Council). 
This water reference is not certified for Re, however, Re was repeatedly 
measured in this sample in two French laboratories, where they reported a mean 
value of Re at 66±12 pmol l-1 (n=35; Yeghicheyan et al., 2013). Horan (2018) 
reported similar mean value for the SLRS-5, that is 59.8±1.7 pmol l-1 (n=12), 
which is based on Re preparation by isotopic dilution. Here the SLRS-5 standard 
material was measured at the beginning and the end of each sample batch. The 
reference material was prepared in the same way as the samples, by adding 
internal standards.  
CHAPTER 2 




The mean Re concentration measured in SLRS-5 in this study is 62.6±7.6 pmol l-1 
(n=7, ±1SD), which is in agreement with previously published values in 
Yeghicheyan et al. (2013) and Horan (2018). Additionally, a 100- and 10-times 
dilution of the reference material was prepared and analyzed to determine the 
detection limit of the element and to monitor the Re concentrations in more dilute 
river samples. The long-term in-house concentration measurements on the 
diluted reference material are 6.19±0.32 pmol l-1 (n=21; ±1SD) and 
0.61±0.07 pmol l-1 (n=35; ±1SD), for 10- and 100-times dilutions, respectively. 
The samples run during our analysis closely fit to the long-term in-house 
measures (Figure 2.2A). Precision of the analysis was taken from sample 
reproducibility, which shows a close agreement with samples run within the 
same session (Figure 2.2B). All replicate samples plot closely to the 1:1 line and 
within ±10% deviation line. 
 
Figure 2.2: Accuracy and precision of dissolved Re concentration 
measurements. A: Re concentration measurements on a standard reference 
river water material (SLRS-5) and its 10- and 100-times dilutions. The mean 
line represents the long-term mean and the envelope around shows ±1SD 
around the mean. B: Sample reproducibility run within the same analytical 
session. The stippled line is 1:1 and the envelope around is ±10% deviation 
from the 1:1 line.  
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2.2.2.2  Complete digestion protocol for Re concentrations in solids 
Rhenium concentrations in solid samples were determined following a complete 
digestion protocol after Dellinger et al. (2020). Dry and homogenized solid 
samples were digested with a mixture of nitric acid (HNO3) and hydrofluoric acid 
(HF) (1:1), to dissolve the carbonate (Equation 2.1) and silicate (Equation 2.2) 
matrix. 
The reaction of HF with silicate compounds results in production of 
hexafluorosilicic acid (H2SiF6), which is a volatile species, meaning all silica bound 
to it will be evaporated from the sample during sample evaporation. However, 
the co-precipitated calcium fluoride (CaF2) may be difficult to dissolve. The use 
of HNO3 limits precipitation of CaF2, since the CaF2 is soluble in HNO3 (Wilding 
and Rhodes, 1970). Next, the organic matrix is dissolved with aqua-regia 
(Equation 2.3), which is a mixture of strong hydrochloric acid (HCl) and nitric 
acid (HNO3).  
A product of aqua-regia is nitrosyl chloride (NOCl), a strong oxidizing agent that 
has been long recognized as a very efficient substance for oxidizing organic 
matter, sulfides, and carbonates in a sample matrix  (Xu et al., 2012). The number 
of aqua-regia steps varied based on sample characteristics, in particular the 
concentration of TOC. Generally, the aqua-regia was repeated until all sample 
residue was in 1N HCl solution (~40–50 ml).  
 𝐶𝑎𝐶𝑂3 + 2𝐻𝑁𝑂3  
          
→   𝐶𝑎(𝑁𝑂3)2 + 𝐻2𝑂 + 𝐶𝑂2 (2.1) 
 𝐶𝑎𝑆𝑖𝑂3 +  8𝐻𝐹 
          
→   𝐻2𝑆𝑖𝐹6 + 𝐶𝑎𝐹2 + 𝐻2𝑂 (2.2) 
 3𝐻𝐶𝑙 + 𝐻𝑁𝑂3  
          
→   2𝐻2𝑂 + 𝑁𝑂𝐶𝑙 + 𝐶𝑙2 (2.3) 
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After the strong acid digestion, the Re was purified from the sample matrix 
using column chemistry. Here a polypropylene column and 1 ml of AG1-X8 resin 
(200–800 mesh) was used. The resin was cleaned with approx. 16 ml of 8M HNO3 
and 10 ml of ultrapure water (Milli-Q). The resin was then conditioned with 5 ml 
of 1N HCl before the sample was introduced. The sample matrix was eluted with 
10 ml of 1M HCl, 15 ml of 0.5M HNO3, and 1.5 ml of 4M HNO3. Next, the Re was 
eluted with 12.5 ml of 4M HNO3. The Re solution was evaporated and re-fluxed in 
1.5 ml of 16M HNO3 at 120 °C for 24h. Finally, 0.5M HNO3 Re solution was 
prepared for measurements of Re concentration on a multicollector inductively 
coupled plasma spectrometer (MC-ICP-MS) at Durham University, Department of 
Earth Sciences.  
A range of different standard reference geological materials were digested 
in each batch to validate the method: a marine sediment (MAG-1: Re=3.6±0.6 ppb, 
±2SD, n=3), basalts (BHVO-2: Re=0.62±0.07 ppb, ±2SD, n=6 and BCR-2: 
Re=11.59±0.72 ppb, ±2SD, n=3), and serpentinite (UB-N: Re=0.21±0.02 ppb, 
±2SD, n=3). These values are in agreement with previous published 
concentrations on the same material (Figure 2.3A) (MAG-1: Re=3.9 ppb; Meisel 
and Moser, 2004), basalts (BHVO-2: Re=0.54±5.3, ±2SD, n=6; and BCR-2: 
Re=12.6±15.9, ±2SD, n=4; Jochum et al., 2016), and serpentinite (UB-N: 
Re=0.21±4.8, ±2SD, n=14; Meisel and Moser, 2004). Previous studies have 
determined Re concentrations in reference materials by isotopic dilution, which 
further validates the method presented here and in Dellinger et al. (2020). The 
obtained data on reference materials were also validated to long-term in-house 
repeated measurements of Re concentrations, where all samples agree within 
10% (Figure 2.3B). 
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2.2.3 Stable sulfur and oxygen isotope on dissolved sulfate 
A subset of water samples from the Draix-Bléone CZO was prepared and analyzed 
for stable sulfur (δ34SSO4) and oxygen (δ18OSO4) isotope of dissolved sulfate in 
order to investigate source of high SO4 concentrations in these catchments and 
give insight on its oxidation environment (Calmels et al., 2007; Turchyn et al., 
2013). Extremely high SO4 concentrations (>>1,000 μmol l-1) allowed for direct 
precipitation of barite (BaSO4) from river water samples following the 
methodology of Turchyn et al. (2013). In summary, approx. 3 ml of 0.3 M BaCl 
solution was added to 5 ml of non-acidified stream water sample to precipitate 
BaSO4. The precipitate (BaSO4 powder) was separated from the supernatant and 
1 ml of 6 M HCl was added to the BaSO4 powder in order to dissolve potential co-
precipitated carbonates (BaCO3). The BaSO4 powder was then rinsed with 
deionized water and dried in an oven on 70 °C.   
 
Figure 2.3: Accuracy and precision of Re concentration measurements in 
solids. A: Measured Re concentration in reference materials normalized over 
the mean reference value obtained from the literature (Meisel and Moser, 
2004; Jochum et al., 2016). B: Measured Re concentrations in reference 
materials normalized over the mean long-term in-house value (Dellinger et al., 
2020). The full line represents complete agreement with reference values, the 
stippled line represents ±10 % deviation from the full line.  
CHAPTER 2 
Methods and methodology 
37 
 
The powders were analyzed for δ34S by flash Elemental Analyzer (EA) 
coupled by continuous flow to a Delta V mass spectrometer at the Godwin 
Laboratory for Paleoclimate research at the University of Cambridge. The 
samples were run with standard reference material: NBS-127 bracketing sets of 
samples. The δ18O on the barite was measured in triplicates on a High 
Temperature Conversion Elemental Analyzer (TC/EA) at Department of Earth & 
Planetary Sciences, Harvard University. The measurements were corrected to the 
Vienna Standard Mean Ocean Water (VSMOW) using a 2-point calibration curve 
(OAEA SO-6 and NIST NBS-127), and applying  the δ18O values from Brand et al. 
(2009). Isotopic accuracy was monitored through repeated analysis of 
international standards IAEA SO-6 = -11.3±0.3 ‰ VSMOW (n=8; accepted 
value=-11.35±0.31 ‰ VSMOW) and NIST NBS-127: 8.6±0.3 ‰ VSMOW (n=8; 
accepted value=8.59±0.26 ‰ VSMOW). Average triplicate sample uncertainty 
was 0.2 ‰ (n=20).  
2.2.4 Major elements in water and solid samples   
2.2.4.1 Ion chromatography technique for major ions in waters 
Major ions in water samples were measured by ion chromatography on a Thermo 
Scientific Dionex ICS 6000 ion chromatograph at Durham University, Department 
of Geography. Calibration standards were used to construct a six-point 
calibration curve, covering a range of typical river water compositions. The 
analytical accuracy of the results was determined by repeated measurements of 
a certified river water reference standard material (Sangamon-03), which is 
collected in Sangamon River in Mahomet, Illinois. The reference material was 
treated in the same way as samples and was analyzed at the beginning and end 
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of each analytical run. The analytical precision through all runs was better than 
5% for SO42-, Na+, K+, Ca2+, and Mg2+, and better than 10% for Cl- (Figure 2.4). 
Additionally, sample replicates were run during and between each batch, 
resulting in precision better than 1% for Ca2+ and Mg2+, better than 2% for SO42-, 
Na+ and K+, and better than 3% for Cl- and Sr2+. 
 
Bicarbonate concentration in water samples collected during field visit of 
the sites was determined by the Gran titration method (Edmond, 1970). In time 
series water samples, the bicarbonate concentrations were calculated by charge 
balance, assuming that all unmet positive charge is equal to concentration of the 
HCO3- in milliequivalents (Equation 2.4). 
 𝐻𝐶𝑂3
− = ∑𝐶𝑎𝑡𝑖𝑜𝑛𝑠 −∑𝐴𝑛𝑖𝑜𝑛𝑠 (2.4) 
 
Figure 2.4: Accuracy of major elements in waters. Measurements of major 
elements in Sangamon-03 river water reference material. The full line 
represents the certified value in mg l-1, the envelope around represents the 
reported uncertainty on the certified value, which is ±2SD.  
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This calculation is valid, when the relative abundance of bicarbonate is the 
dominant species of alkalinity in stream water, which results at pH~8 
(Neal et al., 1998). Nonetheless, calculating concentration of bicarbonate from 
the charge balance approach was challenging in the Draix-Bléone CZO 
catchments, where high dissolved load concentration was continuously 
measured, with prevailing SO42- concentrations (>10,000 μmol l-1), resulting in 
complete SO4 dominance on the anion site and giving negative concentrations of 
HCO3- by charge balance. Given an uncertainty of ~5%, this high absolute value 
makes residual using the charge balance more uncertain (±500 μmol l-1) of zero. 
For these samples (19% of the dataset), the concentration of bicarbonate ions 
was not determined.  
2.2.4.2 Major elemental concentrations in solids 
Solid samples collected in the Draix-Bléone CZO catchments were analyzed for 
major and trace elements using flow injection and low pressure on-line liquid 
chromatography coupled to inductively coupled plasma mass spectrometer 
(ICP-MS) at the French National Centre for Scientific Research (CNRS) Service 
d'Analyse des Roches et des Minéraux (SARM) following a protocol described in 
Carignan et al. (2001).  
A subset of solid samples from the Draix-Bléone CZO catchments were 
analyzed for sulfur concentration and stable sulfur isotope (δ34S) on a Costech 
Elemental Analyzer coupled to a Thermo Fisher Delta V Plus in the Stable Isotope 
Biogeochemistry Laboratory at Durham University, Department of Archeology. 
Isotopic accuracy was monitored through repeated runs of standard material 
(sulphanilamide) and international standards (IAEA-SO-5, IAEA-SO-6, NBS-127), 
providing isotopic range of δ34S from -31 ‰ to 20.3 ‰.  The percentages of sulfur 
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were calculated as part of the isotopic analysis using sulphanilamide 
(S=18.62 %).  
Additionally, this work takes advantage of previously published major 
elemental concentrations and sulfur concentrations for solid samples obtained 
from the Susquehanna Shale Hills CZO. Details on sample collection and analytical 
methods for these samples can be find in Brantley et al. (2013), Sullivan et al. 
(2016) and Gu et al. (2020).  
 Computational data analysis for solute fluxes 
Rivers are natural integrators of weathering processes and transport dissolved 
components from headwaters to catchment outlets (Gaillardet et al., 1999). 
Chemical weathering fluxes represent a mass flux of solutes, transported at a 
point in a stream over a set time period, and are calculated as a product of 
concentration and discharge measurements (mol km-2 yr-1; Aulenbach and 
Hooper, 2006). Numerous methods have been applied for calculation of the 
chemical weathering fluxes, such as averaging methods, regression or curve 
rating models, interpolation models, or a mix of different techniques (Appling et 
al., 2015; Aulenbach and Hooper, 2006; Worrall et al., 2013). Each method has 
positives and negatives due to various factors that can impact flux estimates, such 
as catchment hydrology, sources and mobility of the solute of interest, correlation 
with discharge, and scale of the system (Appling et al., 2015). Additionally, the 
flux calculations are sensitive on data resolution and sampling design (Cooper 
and Watts, 2002; Skarbøvik et al., 2012). In this section, four different methods 
for estimating annual chemical weathering yields are presented, with an 
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emphasis to determine solute fluxes applied for the studied catchments of the 
Draix-Bléone CZO in Chapter 4 and Chapter 5 of this thesis.  
2.3.1 Average and discharge weighted average 
The most straightforward way to estimate chemical weathering yields 
(mol km-2 yr-1) is the product of mean concentration of dissolved elements 
([?̅?]𝑌𝑒𝑎𝑟; mol l-1) and the mean annual flow ([?̅?]𝑌𝑒𝑎𝑟; l s-1) divided by catchment 
area (A), and using K as a conversion factor to take account for the time period 
(Equation 2.5). 
The uncertainty of this estimate can be determined from the standard 
error of the average concentration (Aulenbach and Hooper, 2006). The method is 
suitable in catchments with limited dataset, where a constant concentration is 
observed with changing water discharge, and seasonal variability of elements is 
of secondary importance. This average method has been the most commonly 
used for defining estimates of Re fluxes (Dalai et al., 2002; Rahaman et al., 2012; 
Hilton et al., 2014; Horan et al., 2017). The method application was justified by 
negligible dilution trend of dissolved Re with increased discharge (e.g. Hilton et 
al., 2014). Nonetheless, low frequency sampling may not capture the overall 
variability in chemical weathering rates, resulting in biased annual estimates 
(Appling et al., 2015; Godsey et al., 2009). 
If the samples are collected randomly through time, then the flux load 
estimates should be flow-weighted (Equation 2.6). 
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Here, K, A, and X are the same parameters as described for Equation 2.5(2.5) 
(above), Qi is instantaneous discharge and QYear is average yearly discharge. The 
uncertainty on this calculation arises from the analytical uncertainty of the 
investigated solute and the variability around the mean on the concentration and 
discharge, expressed as standard error. The method is commonly used for 
calculation of silicate and carbonate weathering fluxes in datasets, where a 
certain relationship between solutes and discharge is observed, but the river 
water sampling times are limited (Moon et al., 2014; West et al., 2002). 
Miller et al. (2011) applied this method for calculating dissolved Re fluxes on 
large world’s rivers. Similar as the sharp average, this approach fails to capture 
any seasonal variability in flux estimates. 
2.3.2 Regression model  
A regression model exploits a relationship between elemental concentration in 
stream water and continuous variable, such as stream water discharge, season, 
or time (Aulenbach, 2013; Stenback et al., 2011). Solute concentrations for un-
sampled periods are then estimated from fitting a function through, for example, 
concentration-discharge (C-Q) dataset (e.g. Figure 2.5). This method can provide 
an accurate and precise flux estimate when the concentration-discharge 
relationship is well-fitted by a function, or functions (for example using seasonal 
or rising and falling-limb based C-Q relationships). A commonly used function to 
fit C-Q data is a power law (Equation 2.7).  













  (2.6) 
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Here C is the concentration of a solute, Qi is instantaneous water discharge, and a 
and b are the modeled parameters. This flux calculation is sensitive to the 
accuracy of the proposed model (Aulenbach and Hooper, 2006), therefore, the 
uncertainty may be estimated from a 95% confidence interval of the fitted 
parameters (Torres et al., 2015). The models can produce poor flux estimates 
when the few available predictors fail to capture variability in flux 
(Appling et al., 2015; Guo et al., 2002; Stenback et al., 2011). Previous studies 
have shown that error estimates may be reduced by increasing sampling 
frequency (Verma et al., 2012) and by including event sampling, to ensure 
adequately defined concentration-discharge relationship (Cooper and Watts, 
2002; Skarbøvik et al., 2012).  
 
 𝐶 = 𝑎 × 𝑄𝑖
𝑏 (2.7) 
 
Figure 2.5: Power law model fit to a discharge-concentration 
relationship. This is an example of a power law fit model using water samples 
collected in the Laval and Brusquet catchments at the Draix-Bléone CZO and 
measured as part of this study (Chapter 4 and Chapter 5). The darker points 
in each plot are data from the first observation year (09/2016-09/2017) and 
the lighter points are data from the second observation year (09/2017-
09/2018). The power law function was fitted with a Power Law fitting curve 
using OriginLab. The shaded area around the power law model represents the 
95% confidence interval.  
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2.3.3 Interpolation model  
Measured concentrations in streams are thought to represent a period around 
which the sample was collected. For that purpose, a linear interpolation method 
may be used to estimate concentrations at un-sampled times by connecting 
concentration measures with a single line through time (Larson et al., 1995; 
Vanni et al., 2001). Then the product of concentration and discharge is summed 
to determine the annual load (Aulenbach and Hooper, 2006). An interpolation 
model is particular useful when the rating-curve approach does not fully capture 
the relationship between the available data, and when observations are frequent 
enough to represent the non-sampled time intervals (Appling et al., 2015). The 
high sampling frequency is one of the main limitations for the interpolation 
models, since this method may produce large bias in flux estimates when the 
sampling does not sufficiently capture the concentration variation during the 
storm events. When sampling frequency is sufficient, then the resulting 
concentration estimates provide higher temporal resolution data and more 
accurate estimates and uncertainty bounds on the annual fluxes (Appling et al., 
2015) compared to the averaging methods or regression modelling.   
2.3.4 Combined model  
Aulenbach and Hooper (2006) presented a composite method for estimation of 
solute fluxes, which combines a regression-model (accounting for seasonal 
variability in solute chemistry) with a linear interpolation model (to account for 
short-term variability). This method was developed for small watershed studies 
with solute concentration dataset sampled at varied time-intervals (e.g. monthly 
sampling combined with high frequency sampling of storm events). In the 
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following we present the computational method developed for calculating solute 
fluxes in the Laval and Brusquet catchments of the Draix-Bléone CZO, using an 
example of discharge and SO4 concentrations measured in both catchments.  
2.3.4.1 Sampling design and defining the low flow domain  
The studied catchments (the Laval and Brusquet) within the Draix-Bléone CZO 
are small (<1 km2), and characterized by intermitted steam discharge, with 
naturally extended periods of zero flow, interrupted by flush storm events 
(Figure 2.6; Mathys and Klotz, 2008). In order to track seasonal variability in 
stream water chemistry, as well as short-term storm event variability, hand 
sampling of the low flow regime and automatic sampling (ISCO auto sampler) of 
high flow regime took place between September/October 2016 and 
September/October 2018 in the Laval/Brusquet. The sampling strategy resulted 
in integrated time series data of low flow regime and high temporal sampling of 
high-flow events obtained for both catchments (Figure 2.6). Detailed descriptions 
of the catchments and sampling methods are provided in Chapter 4, Section 
4.3.1.2., p107). 
There are several methods to separate the main hydrological flow regimes 
(low flow and storm events) and the samples collected during these time periods, 
e.g. flow duration curves, continuous low flow intervals, and others (see review 
Smakhtin, 2001 and references herein). Here, we define the low flow domain by 
expressing a percentile of mean annual flow (Smakhtin, 2001). That is the 
maximum discharge of the lower quartile (Q1; <25%) of all discharge 
measurements across the observation period. This corresponds to flows 
<28.5 l s-1 for the Laval and <7.2 l s-1 for the Brusquet.   
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Figure 2.6: Sampling strategy for the Laval and Brusquet catchments. A: In the Laval, storm events can reach up to 10,000 l s-1 
stream discharge (inlet). B: In the Brusquet the majority of storm events reach discharge values of up to 500 l s-1. The red line represents 
the defined low flow domain (28.5 l s-1 for the Laval and 7.5 l s-1 for the Brusquet). Open symbols mark sampled storm events (auto-
sampler) full symbols mark low flow regime sampling (hand sampling). 
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Previous studies have shown that seasonal datasets with incorporated 
high resolution sampling at high flow regimes better define concentration patters 
through time and may reduce flux estimation errors (Cooper and Watts, 2002; 
Skarbøvik et al., 2012; Verma et al., 2012). This scheme produces discharge 
measurements at irregular time intervals, with densely monitored high flow 
events and less frequent sampling of low flow regimes. For the observation 
period, 11,119 and 3,975 discharge measurements were taken in Laval and 
Brusquet, respectively, of which ~ 75% are covering the high flow regime in both 
catchments. In terms of time, the high flow regime represents 4% and 2% of the 
observation period in the Laval and Brusquet, respectively. However, ~70% of 
the water flow during the year occurred in these events (Table 2.2). The sampling 
trend is followed in the concentration data, where among the 91 water samples 
collected from the Laval, 74% were sampled during high flow events. In the 
Brusquet, 69% of the 50 water samples were collected, during the high flow 
(Table 2.2). Using the averaging methods for flux estimates (Section 2.3.1) with 
this sampling strategy would likely to result in bias estimates towards the solute 
concentrations of the high flow regime.  
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Table 2.2. Stream water sampling and water fluxes in the Laval and 


















of the total 
water flux 
 




Total 59 2.60 2.53 - 
High flow 41 - - 67 
Low flow 18 - - 33 
11/09/2017 - 
10/09/2018 
Total 32 4.23 4.17 - 
High flow 27 - - 68 




Total 32 1.35 1.32 - 
High flow 22 - - 73 
Low flow 10 - - 27 
10/10/2017 - 
09/10/2018 
Total 18 1.59 1.55 - 
High flow 14 - - 65 
Low flow 4 - - 35 
 
2.3.4.2 Model construction 
With an aim to simplify the computational process, the measured 
discharge values, collected based on a flow-rate dependent scheme (Mathys and 
Klotz, 2008) are resampled to a uniform time interval of 5 min. This short time 
interval was chosen in order to fully represent the high flow events, which are 
especially characteristic for the Laval catchment (Cras et al., 2007; Mathys and 
Klotz, 2008). To ensure that no major data manipulation problem occurred 
during this resampling step, we compared the annual water flux for the raw 
discharge data with the resampled dataset and found a good agreement between 
the two values within 3% (Table 2.2) 
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Figure 2.7: Combined model for predicting SO4 concentrations. Example from the Laval catchment. The concentrations are predicted over short, 
5-minutes time intervals based on seasonal and short-term variability observed in the data. The grey vertical bars represent time periods when 
discharge is >28.5 l s-1 (the low flow threshold for Laval; Section 2.2.4.2). A: SO4 measurements used to build the model into a low flow (blue) and 
high flow (red) divide. B: Seasonal variability in the low flow regime with a fitted cosine-sine function. C: Linear interpolation between the high flow 
regime samples. D: Final combined model (green line).   
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 Then, we take a advantage of the integrated time series sampling by 
combining a regression (Section 2.3.2) and interpolation model (Section 2.3.3) 
with solute concentrations data, using the following three-steps, presented here 
using an example of SO4 (Figure 2.7). Firstly, we note that the low flow samples 
reveal a seasonal pattern in concentration, which can be described by a cosine 
curve fit (Figure 2.7B). We choose to represent the low-flow regime in this way, 
because the samples are more robustly represented with this method than with 
a linear interpolation, which is more sensitive to outliers. Secondly, we use a 
linear interpolation between high flow samples (Figure 2.7C). This allows us to 
account for the short-term variability within each flood event, where the gaps 
between samples are of the order of minutes to hours. It also allows us to capture 
seasonal variability that appears to be present in the storm event samples. The 
linear interpolation is used to model the solute concentration of floods which 
were not sampled. Thirdly, we combine the models of concentration variability 
at high and low flow regimes (Figure 2.7D). By following this methodology, we 
are able to capture the seasonal variability of the low flow concentrations, in 
addition to robustly describing individual storms, and seasonal patterns in storm 
events. For further details and results, see Chapter 4 and Chapter 5. 
2.3.4.3  Solute flux calculation and uncertainty  
The flux (Jx in mol km-2 yr-1) is calculated with the following equation:  
 𝐽𝑋 = 𝐾
𝑋5𝑚𝑖𝑛 × 𝑄5𝑚𝑖𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 
𝐴
  (2.8) 
Where K is a conversion factor to take account for the time period (seconds to 
year), X5min is the elemental concentration modelled for the 5 min time interval 
(mol l-1), Q5min is discharge modelled for the 5 min time interval (l s-1), and A is 
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the study catchment (km2). The uncertainty on the flux estimates is assessed by 
propagation of the analytical errors, data variability, and assessing how the 
sampling frequency influences the annual yields. To do this, solute fluxes are 
calculated using between 20% and 100% of the dataset over 10,000 different 
iterations. The population forms a close-to-gaussian (normal) distribution; 
hence, the final reported flux value can be defined as the population mean, and 
the uncertainty as the standard deviation of these 10,000 yields. 
The main advantages of this method are: i) accounting for seasonality in 
solute concentrations, ii) direct incorporation of all high resolution (high flow 
event) data, iii) providing estimates for the non-sampled time periods and iv) 
allowing calculation of fluxes over different time scales (daily – annual).  
The annual fluxes for dissolved sulfate were compared to estimates from 
the straight average approach and the rating-curve approach, fitting a power law 
function (Table 2.3). The mean annual fluxes for all three methods are close 
within the uncertainties, meaning that the estimates from the mixed approached 
presented here are reliable. In both catchments, the power low fitting gives the 
highest flux estimate, which may result from the over-prediction of SO4 
concentrations for the low flow regime (when the SO4 concentrations are the 
highest; Figure 2.5). In contrast, the estimates for the straight average flux may 
be biased towards the high flow (diluted) samples, which are more frequently 
sampled compared to the low flow regime. The uncertainty estimate is the 
highest on the straight average approach, while the uncertainty bounds are much 
better constrained for the mixed method and curve rating method. The 
advantages for the mixed method presented above and the similarity in flux 
estimates to other standard methods, supports the application of this 
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computational technique to estimate annual Re, carbonate and silicate 
weathering fluxes in the Chapter 4 and Chapter 5. 






















x105 mol km-2 yr-1 x105 mol km-2 yr-1 x105 mol km-2 yr-1 
Laval 
11/09/2016 - 
10/09/2017 25.8 13.4 29.2 2.0 22.1 1.0 
11/09/2017 - 
10/09/2018 30.3 14.7 36.6 3.9 33.2 5.9 
Brusquet 
10/10/2016 - 
09/10/2017 3.4 1.6 4.8 0.8 3.2 0.1 
10/10/2017 - 
09/10/2018 4.2 2.5 5.1 0.4 4.5 0.4 
 
 Linking the generated data with the research questions 
To address the research questions presented in Section 1.8 (p21) a large number 
of geochemical and hydrological data was generated. A flow diagram in Figure 2.8 
provides a link between the collected sample sets, newly generated geochemical 
data, hydrological and environmental measures, the research questions and the 
scientific chapters presented in this thesis.  
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Figure 2.8: Flow diagram linking the generated data with the research questions and the scientific chapters. A: Sampling a 
weathering profile developed on shales in the Brusquet catchment (Draix-Bléone CZO). B: Filtering groundwater immediately after 
collection at the Shale Hills catchment (Susquehanna Shale Hills CZO). C: Jennifer Williams (collaborator from the Susquehanna Shale Hills 
CZO) hand sampling stream water for the time-series dataset. D: The gauging station equipped for monitoring discharge, precipitation and 
auto-collection of time series samples at the Laval catchment (Draix-Bléone CZO). The author of the photo “D” is N. Mathys, available at:  
https://oredraixbleone.inrae.fr/en/photos/. Abbreviations: TOC – total organic carbon, δ13C – stable carbon isotope, Δ14C – radiocarbon, 
Re – rhenium, δ34S – stable sulfur isotope, δ18O – stable oxygen isotope, OCpetro – rock organic carbon, RQ - research questions.
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The oxidation of rock organic carbon (OCpetro) is an important natural source of 
carbon dioxide (CO2) to the atmosphere over geological timescales. The rates and 
patterns of OCpetro oxidation in locations that experience low rates of denudation 
remain poorly constrained, although these places account for a large part of 
Earth’s land surface. Here, we track OCpetro oxidation using radiocarbon and the 
rhenium (Re) proxy in deep weathering profiles, soils and stream waters at the 
Susquehanna Shale Hills Critical Zone Observatory. In a ridge-top borehole, 
radiocarbon measurements reveal the presence of a broad OCpetro weathering 
front, with ~40% loss of OCpetro occurring over ~6 m (from 21.5 m to 15.4 m). 
However, the low OCpetro concentration (<0.05 %) and inputs of carbon from the 
biosphere in the upper profile make the OCpetro loss difficult to quantify. The 
OCpetro weathering front coincides with a zone of Re depletion (92% loss), and we 
estimate that ~83% of Re in the rock is associated with OCpetro, based on Re/Na 
and Re/S ratios. In contrast, the pyrite weathering front is narrower, occurring 
over ~0.4 m at ~15.4 m depth with 99% loss. Using estimates of long-term 
denudation, the observed OCpetro loss and the Re proxy return a very low OCpetro 
oxidation yield of <2.0×10-2 tC km-2 yr-1. Such a low OCpetro oxidation rate is 
consistent with both the low OCpetro concentrations in the studied shale and low 
erosion rates. In addition, we find that the surface cycle of Re is decoupled from 
the deep weathering at this site, with an enrichment of Re in surface soils of the 
catchment (upper 0.3 m) and elevated Re concentrations in stream water, 
precipitation and shallow groundwater samples. Using a simple Re mass balance, 
we propose that this can be explained by a considerable anthropogenic 
contribution of Re to the stream water. This anthropogenic Re may be derived 
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from past and present local industrial sources (iron smelting, coal burning). We 
estimate that the topsoil Re pool could take centuries to deplete and call for a 
renewed focus on anthropogenic perturbation of the surface Re cycle in low 
denudation rate settings.   
 Introduction 
The transfer of carbon between biogeochemical reservoirs is one of the main 
drivers of climate change over geological timescales (Berner and Canfield, 1989; 
Derry and France-Lanord, 1996; Berner, 2003). Over long time periods, carbon 
dioxide (CO2) emissions through volcanism, carbonate weathering by sulfuric 
acid, and oxidation of rock-derived organic carbon (petrogenic, OCpetro) are 
counterbalanced by CO2 sequestration through silicate weathering, carbonate 
formation, and burial of biospheric organic carbon (OCbio). The CO2 emissions 
from OCpetro oxidation and carbonate weathering by sulfuric acid (Burke et al., 
2018; Petsch, 2014; Torres et al., 2017) may be of similar magnitude to the 
release of CO2 from volcanic degassing (79±9 MtC yr-1, Plank and Manning, 2019). 
Yet, the global rates and patterns of OCpetro oxidation remain poorly constrained 
(Hilton and West, 2020; Petsch, 2014).  
The oxidative weathering of OCpetro has been assessed in river catchments 
using the trace element rhenium (Re) as a proxy (Dalai et al., 2002; Hilton et al., 
2014; Horan et al., 2019, 2017). Rhenium is of low abundance in the Earth’s crust 
(average 0.4 ppb; McLennan, 2001), but is enriched in sediments deposited in 
reducing conditions, especially in organic carbon-rich black shales (average 
150 ppb; Colodner et al., 1993) and sedimentary rocks (10-30 ppb; Morford et al., 
2012). Coupled loss of Re and OCpetro has been observed during oxidative 
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weathering (Hilton et al., 2014; Jaffe et al., 2002), with the mobilization of Re in 
the dissolved load under pH and Eh typical of most river waters (Colodner et al., 
1993). As such, dissolved Re flux has been used as a proxy to estimate catchment-
wide OCpetro oxidation rates in highly erosive catchments of the Himalaya (Dalai 
et al., 2002), Taiwan (Hilton et al., 2014) and New Zealand (Horan et al., 2017) 
and in moderate erosive setting of the Mackenzie River basin (Horan et al. 2019).  
A focus on applying the Re proxy to settings with moderate to high erosion 
rates has been important for establishing the role of OCpetro supply in driving 
weathering fluxes (Hilton et al., 2014; Horan et al., 2017). However, there are key 
reasons why lower erosion rate settings are worthy of focus. First, low 
denudation rates (<0.5 mm yr-1) are common over the majority of Earth’s 
continents, and these settings comprise ~60% of global chemical denudation 
(Larsen et al., 2014). Second, low erosion rates can lead to the development of 
thick weathering profiles, helping to reveal reaction fronts of OCpetro and sulfide 
oxidation (Petsch et al., 2000; Wildman, 2004; Brantley et al., 2013) and track the 
relative mobility of Re during weathering (Jaffe et al., 2002). Finally, settings with 
lower chemical denudation could be more sensitive to Re inputs from 
anthropogenic sources (Miller et al., 2011; Rahaman et al., 2012) and help us 
better understand the modern-day perturbation of the Re cycle (Sen and 
Peucker-Ehrenbrink, 2012). This is because Re is enriched in fossil fuels (Bertine 
and Goldberg, 1971; Selby et al., 2007), volatile at temperatures >270 °C 
(Colodner et al., 1995), and can be deposited from ash fallout after coal 
combustion. Anthropogenic Re inputs have been invoked to explain high 
dissolved Re concentrations in large European rivers (Danube, Rhine), the 
CHAPTER 3 
Rock organic carbon oxidation and surface rhenium cycling 
59 
 
Yangtze and the Mississippi rivers (Miller et al., 2011) alongside lake and marine 
records from North America (Chappaz et al., 2008; Prouty et al., 2014).  
Here, we explore Re mobility and source in the Shale Hills catchment of the 
Susquehanna Shale Hills Critical Zone Observatory. The Shale Hills site is a low 
denudation rate setting of 0.01 – 0.025 mm yr-1 (West et al., 2013) and provides 
an opportunity to explore deep weathering profiles (Jin et al., 2010; Brantley et 
al., 2013; Sullivan et al., 2016; Gu et al., 2020). We quantify oxidative rate of OCpetro 
using a combination of radiocarbon and Re measurements, and previously 
published S and major element concentration data (Brantley et al., 2013; Sullivan 
et al., 2016). In parallel, we explore the potential anthropogenic input of Re using 
samples from surface soils, rainwater and stream water.   
 Study site  
Shale Hills is a small (0.08 km2) sub-catchment within the Susquehanna Shale 
Hills Critical Zone Observatory (SSHCZO) (Figure 3.1). The first-order stream 
catchment is almost exclusively underlain by Rose Hill Formation of Silurian age, 
characterized by low total organic carbon (TOC) concentrations <0.05 % (Jin et 
al., 2014). Shale beds layered with limestone and sandstone units have been 
observed towards the catchment outlet (Jin et al., 2010; Sullivan et al., 2016). The 
Rose Hill formation has experienced minor metamorphism during burial and 
exhumation (Gu et al., 2020). Located in the Appalachia, the site has gentle slopes, 
forest cover and very low long-term denudation rates of 0.01 – 0.025 mm yr-1 
based on measurements on meteoric beryllium-10 (10Be; West et al., 2013) and 
uranium isotope disequilibrium (Ma et al., 2010). The rates of soil production 
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vary between 0.015–0.065 mm yr-1 (Ma et al., 2013, 2010), based on 
measurements of uranium isotope series in weathering profiles at SSHCZO.  
The climate is humid-continental, with a mean annual temperature of 10 °C 
and mean annual precipitation of 1070 mm (Jin et al., 2010; NADP, 2020). Stream 
seasonal discharge variations are dominated by snowmelt in spring, and storms 
in summer and autumn. For the period of this study (June 2018–June 2019), daily 
discharge varied between 0 and 1329 m3 day-1, with high-discharge events 
occurring in autumn and spring.  
 
From the early 1800s, the beginning of industrialization, the Shale Hills 
catchment and wider region was logged for charcoal production to support the 
local steel industry (Herndon et al., 2011; Kraepiel et al., 2015). Today, the 
majority of steel production in the vicinity of the Shale Hills has stopped. 
 
Figure 3.1: The Shale Hills catchment of the SSHCZO in central 
Pennsylvania. Samples analyzed in this study are shown: borehole sediments 
(CZMW2, CZMW10, CZMW8; brown triangles), a soil profile (brown square), 
groundwater samples (blue triangles), and time series stream water samples 
(June 2017 - June 2018; blue circles). 
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However, recent studies report Mn and Pb enrichments in Shale Hills soils 
derived from coal burning and iron smelting inputs (Herndon et al., 2011; 
Herndon and Brantley, 2011; Ma et al., 2014). This anthropogenic activity has 
resulted in acidic (pH ~5.4) and SO4 enriched local precipitation (Jin et al., 2011). 
Nonetheless, a steadily increasing trend in the rain water pH is observed since 
the early 2000s (NADP, 2020).  
As a CZO, extensive prior research at Shale Hills helps support our work. 
Of most relevance here are insights on carbonate and silicate weathering (Jin et 
al., 2014, 2011, 2010), oxidative weathering of pyrite (Brantley et al., 2013), 
water-rock interactions (Herndon et al., 2015a; Sullivan et al., 2016), porosity 
generation and chemical weathering (Gu et al., 2020), and accumulation of 
metals in top soils from past coal-burning activities (Herndon et al., 2015b, 
2011; Herndon and Brantley, 2011; Kraepiel et al., 2015; Ma et al., 2014). In 
terms of physical rock degradation, four weathering stages of the Rose Hill shale 
have been identified: i) soil (hand-augerable material), ii) highly fractured 
saprock, iii) less fractured saprock and iv) the largely unaltered protolith 
(Brantley et al., 2013; Jin et al., 2014; Sullivan et al., 2016; Gu et al., 2020). The 
term saprock describes fractured bedrock that can reach close to the catchment 
surface. Fracturing has been attributed to frost shattering processes during the 
last glaciation (Kuntz et al., 2011). Additionally, previous work has attempted a 
first order estimate of OCpetro oxidation, assuming a complete depletion from 
depth to the surface, returning an estimate of 1.3 mol m-2 kyr-1, or 
1.5×10-2 t C km-2 yr-1 (Jin et al., 2014). However, the authors noted the 
considerable uncertainty due to the low OC concentrations in the deep profile 
and inputs of carbon from the biosphere in the upper profile.  
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 Materials and Methods 
Samples processed and analyzed in this study include archived borehole and soil 
samples that were previously collected and have been analyzed for a range of 
elements (Herndon et al., 2011; Brantley et al., 2013; Sullivan et al., 2016). We 
have undertaken new measurements of Re concentration, total organic carbon 
concentration, stable carbon isotope composition and radiocarbon activity. In 
addition, we collected new stream water and groundwater samples (Figure 3.1) 
and analyzed archived precipitation samples. For these water samples, we 
present new data on major ion and dissolved Re concentrations. 
3.3.1 Materials 
3.3.1.1 Borehole sediments and soil samples 
Samples were selected from boreholes to capture deeply weathered materials 
nearer the surface and less weathered samples at depth, using published sulfur 
concentrations (Brantley et al., 2013; Sullivan et al., 2016) to help guide where 
we expect oxidative weathering fronts to be located (Figure 3.2). We focused on 
two boreholes located in the valley (‘CZMW2’ and ‘CZMW10’; Figure 3.1). 
Borehole CMZW2 (n=11) covers depths between 0.46 m and 16.00 m and 
captures prominent weathering fronts (Brantley et al., 2013). Deeper samples 
(7.62 m to 34.90 m) from borehole CZMW10 (n=5) were selected, because they 
capture a wider zone of alteration below the valley bottom (Figure 3.2A). The 
boreholes CZMW2 and CZMW10 were drilled less than 5 m distance from 
another, and are interpreted as a continuous profile. A third borehole CZMW8, 
located on the South ridge of the catchment (Figure 3.1), has a deeper weathering 
front, and 8 samples were selected from 0.24 m to 30.63 m in depth (Figure 3.2B). 
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To examine Re in soils, 4 samples from the upper 50 cm deep soil profile 
previously collected on the south ridge of the catchment (Figure 3.1) described 
in Herndon et al. (2011) were selected.  
Details of soil and borehole collection methods are provided in previous 
work (Herndon et al., 2011; Brantley et al., 2013; Sullivan et al., 2016). In 
summary, the solid samples were air dried and crushed to a fraction size of 
<150 μm and analyzed for major elements by inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) at Pennsylvania State University. Total Sulfur 
(S) concentrations were measured using a LECO Sulfur Coulometer at 
Pennsylvania State University. Concentration data have been previously 
published for boreholes CZMW2 and CZMW8 in Brantley et al. (2013) and 
Sullivan et al. (2016), respectively. We combine these published measurements 
with sulfur concentrations from CZMW10 measured at Pennsylvania State 
University and published here (Table 3.1). 
3.3.1.2 Water samples 
In this study, 11 stream water samples from the catchment outlet gauging station 
were collected between June 2018 and June 2019. In August 2018, groundwater 
samples were sampled from wells CZMW2, CMZW8, CZMW6, and wells nr. 9, 11 
and 12 (Figure 3.1). Surface water and groundwater samples were collected in 
clean Nalgene bottles, pre-rinsed with the sample water and immediately filtered 
through 0.22 μm Millipore filters and transferred into acid-cleaned Nalgene 
bottles, as per methods previously applied for dissolved Re measurements 
(Hilton et al., 2014; Horan et al., 2017). All samples used for trace elements and 
major cations analyses were acidified to pH~2 with HNO3. An un-acidified aliquot 
was collected in bottles pre-cleaned with demineralized water and filtered 
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stream water for anion analysis. Upon return to the laboratory, samples were 
stored at 4 °C in the dark. In addition, four archived precipitation samples that 
were collected at SSHCZO in 2013 (July and October) and 2014 (February and 
October) were analyzed here. The precipitation samples were collected and 
stored by similar methods.  
3.3.2 Geochemical analysis 
3.3.2.1 Total organic carbon and its isotopic composition  
Solid samples from the boreholes (CZMW2, CZMW8) were analyzed for total 
organic carbon (TOC) and their stable C isotope ratio (reported as δ13C relative 
to VPDB). To remove detrital carbonates from the sample, ~40 mg of a dry sample 
was weighted into a pre-combusted silver capsule (450 °C for 4 hours) and 
acidified with 1M HCl, followed by drying of the sample in an oven at 60 °C. To 
ensure the complete removal of carbonates, each sample was rinsed with 1M HCl 
three times. The samples were measured on a Sercon ANCA-EA system linked to 
a Sercon 2022 isotope ratio mass spectrometer (Elemtex, Stable Isotope 
Analytical Laboratory, Cornwall, UK). Corrections for the procedure and 
instrumental blanks were applied. The method was validated by measuring the 
soil standard material NCS-DC73319 for TOC concentration and two 
international certified synthetic standards, IAEA 600 (caffeine) and IAEA CH3 
(cellulose), for δ13C values. The standard materials were treated in the same way 
as the samples. The precision of TOC concentrations for the soil standard was 
0.19 % (n=6) and the precision for δ13C values was 0.20 ‰ and 0.15 ‰ for 
IAEA 600 (n=6) and IAEA CH3 (n=6), respectively (Chapter 2, Section 2.2.1, p29). 
Replicability on TOC concentrations varied between 3% and 20% of the carbon 
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mass, reflecting the low TOC concentrations (0.04–0.06 %) and potential for 
some heterogeneity of the samples.  
Radiocarbon measurements were made on nine rock samples from the 
CZMW8 ridgetop borehole. Crushed samples were acid leached (1M HCl) in pre-
combusted glass wear (at 450 °C) in order to remove any carbonate minerals. 
Samples were centrifuged, rinsed with deionized water, and dried in a 60 °C oven 
at Durham University, Department of Geography. De-carbonated samples were 
sent to the National Ocean Sciences Acceleration Mass Spectrometry Facility 
(NOSAMS) at Woods Hole Oceanographic Institution (WHOI) for 14C analysis. A 
sample aliquot was combusted at 550 °C in a closed tube to remove contaminate 
gasses and to graphitize the sample before measuring for radiocarbon and δ13C 
following standard procedures via Atomic Mass Spectroscopy (AMS; McNichol et 
al., 1994). All measurements were corrected for a total procedural blank 
(combusted quartz sand put through the whole process) according to 
conventional radiocarbon reporting standards and reported as Fraction modern 
(F14C) as per Stuiver and Polach (1977).  
3.3.2.2 Rhenium concentrations in solids 
Rhenium concentrations in the borehole solids were measured following acid 
digestion and anion exchange column chemistry. A detailed description of the 
methodology can be found in Dellinger et al. (2020) and in Chapter 2, 
Section 2.2.2.2, p34. The Re solutions were measured on a Thermo Scientific 
Neptune Plus at Durham University, Department of Earth Sciences. A range of 
standard reference materials were digested in each batch to validate the method, 
a marine sediment (MAG-1), basalt (BHVO-2, BCR-2), and serpentinite (UB-N), 
which returned values for this study in close agreement (<15%) with previously 
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published data (Jochum et al., 2016; Meisel and Moser, 2004) and with long-term 
in-house reproducibility better than 10% (Dellinger et al., 2020).  
3.3.2.3 Major and trace elements in waters 
Major ions (Cl-, SO42-, Na+, K+, Ca2+, Mg2+) in water samples were determined by 
ion chromatography using a Thermo Scientific Dionex ICS 6000 at Durham 
University, Department of Geography. The data were validated by analyzing a 
certified river water reference standard material (Sangamon–03). The difference 
between our measurements and certified reference material values for all major 
elements was <5% (n=3). The analytical precision determined by running 
replicates on selected samples was <3% (n=5) for all reported major ions 
(Chapter 2, Section 2.2.4.1, p37) 
Concentrations of dissolved Re and other trace metals were determined 
using Agilent Technologies 7900 inductively coupled plasma mass spectrometer 
(ICP-MS) at Durham University, Department of Geography. A multi-element 
standard solution was prepared to cover the expected range of trace elements in 
river waters (0.3–70 ng l-1 for Re), creating a 7-point calibration line. To correct 
for any potential matrix effect, an internal standard containing a mixture of Sc, 
Tb, Rh, In, Bi, and Ge was added to each acidified river water sample. The 
detection limit defined as 3 standard deviations of the replicate measurements of 
a blank solution was 0.01 ppt for Re. Repeated measurements of the river water 
standard sample SLRS-5 for Re are 64.6±6.1 ppt (±1SD, n=6) and 10- and 
100-times dilutions are 6.2±0.7 ppt (±1SD, n=6) and 0.63±0.1 ppt (±1SD, n=6), 
respectively. Our measurements are in agreements with the long-term in-house 
reproducibility, that is SLRS-5 = 63.0±3.5 ppt (±1SD, n=24), 
SLRS-5×10 = 6.2±0.3 ppt (±1SD, n=21), and SLRS-5×100 = 0.61±0.1 ppt (±1SD, 
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n=35), and with Re concentrations for SLRS-5 reported in literature: 66±12 ppt 
(Yeghicheyan et al., 2013). 
3.3.3 Calculation of a mass transfer coefficient (τ) 
In the borehole sediments and top soils, a mass transfer coefficient (Tau - τ) was 
calculated to characterize the mobility of S, TOC, and Re during weathering. The 
coefficient tau (τ) describes a gain or loss of an element relative to the parent 
material by applying Equation 3.1 (Brimhall and Dietrich, 1987; Brantley et al., 
2013). 
Here C is the concentration of the mobile element (j) or immobile element (i) in 
the protolith (p) or soil/saprock (s) material. The approach assumes that 
composition of the protolith is homogeneous and that the species (i) is immobile 
through the weathering profile. A negative τ value describes a relative depletion 
of an element compared to the parent material. We use Ti as the immobile 
element because previous work suggest little variability within the catchment 
(Gu et al., 2020; Herndon et al., 2015b).  
 τi,s = 
Cj,s Ci,p
Cj,p Ci,s
− 1 (3.1) 
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3.4.1 Solid samples 
3.4.1.1 Sulfur concentration from published research  
The depletion of S in the borehole samples provides insight on oxidative 
weathering at Shale Hills (Brantley et al., 2013; Sullivan et al., 2016). Here we 
summarize previous work for context. In the valley (CZMW2, CZMW10), the S 
concentrations are low from the surface through the weathered saprock to 
depths of ~6 m, with a mean S of 0.005±0.002 % (n=17, ±1SD; Brantley et al., 
2013). An increase in S concentration at ~6 m is observed and S tends to increase 
with depth, to reach a mean S concentration of 0.11±0.05 % in the protolith 
(n=43, ± 1SD; Figure 3.2A). On the ridge, the weathered saprock extends deeper, 
to ~16 m and has a mean S of 0.02±0.03 % (n=10, ±1SD; Sullivan et al., 2016). 
Beneath the S-depleted layers, a sharp increase in S concentrations from 0.001 % 
to 0.14 % is observed between 16.0 m and 16.4 m depth. The increase in S 
concentration is consistent with decrease of saprock fracturation (Figure 3.2). 
Thin section observations have shown that the main S-bearing mineral is pyrite, 
meaning that S-depletion front coexists with pyrite depletion front in this setting 
(Brantley et al., 2013; Sullivan et al., 2016).  
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3.4.1.2 Total organic carbon and its isotopic composition  
The TOC concentrations are highest in the surface soil, with 0.14 % and 0.32 % 
measured in the valley (0–1.07 m; CZMW2) and 0.41 % measured on the ridge 
(0–0.27m; CZMW8). Lower TOC concentrations are found in the weathered 
saprock, with values of 0.06 % and 0.07 % (2.29–6.55 m) in the valley and 
between 0.03 % and 0.09 % on the ridge (0.88–15.36 m) (Figure 3.3, Table 3.1). 
The TOC concentrations of the deeper protolith samples are similar to those of 
the saprock samples. On the ridge (CZMW8), TOC in the protolith varies between 
 
Figure 3.2: Previously published sulfur (pyrite) depletion profiles from 
the SSHCZO. A: Boreholes CZMW2 (Brantley et al., 2013) and CZMW10 (S data 
published here) located in the valley B: Borehole CZMW8 located on the ridge 
(Sullivan et al., 2016). Depths of changes in the weathered material structure, 
pyrite depletion front, and approx. groundwater depths are taken from Gu et 
al. (2020). Black symbols represent samples which have been previously 
analysed for major elements and sulfur at Penn State University. White 
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0.04 % and 0.07 %. In the valley, TOC concentrations in the protolith are similar, 
between 0.03 % and 0.05 %. The TOC values are close to those reported by Jin et 
al. (2010, 2014) for surface soils (1.8 %) and the protolith (0.03–0.05 %) sampled 
in borehole DC1, which is located on the North ridge of the Shale Hills catchment, 
opposite from the CZMW8 (Figure 3.1).  
The stable carbon isotopic composition of the organic carbon (δ13C) varies 
by up to ~2 ‰, but does not show any systematic variation between the soil, 
saprock and protolith samples, in both boreholes CZMW2 (-26.3 ‰ to -24.4 ‰, 
with a mean δ13C=-25.7 ± 0.6 ‰) and CZMW8 (-27.0 ‰ to -26.2 ‰, mean 
δ13C=-26.6 ± 0.3 ‰) (Figure 3.3, Table 3.1). These values are similar to δ13C 
values of soils (-25.8 ‰ to -25.3 ‰) and protolith samples (-27.1 ‰ to -25.9 ‰) 
previously published for Shale Hills in Jin et al. (2014). However, the δ13C values 
of the organic carbon in the borehole samples cannot be distinguished from the 
isotopic signature of the modern forest cover (~26 ‰) (Jin et al., 2014).  
The radiocarbon activity, reported as Fraction modern (F14C), was 
measured on nine samples from CZMW8 ridgetop borehole. The F14C 
measurements vary between 0.91±0.005 in the surface soil, to 0.24±0.003 in the 
saprock, at 15.36 m depth (Figure 3.3, Table 3.1). The high F14C measured in the 
top soil is consistent with expectations, that the radiocarbon signature can be 
dominated by modern (biospheric) inputs, resulting in a F14C value close to 1 
(Trumbore, 2009). Within the saprock, lower F14C values are consistent with 
some input of OCpetro from the Silurian Rose Hill formation that was deposited 
~443–416 million years ago (F14C value=0 within precision). However, the 
presence of 14C, with F14C between 0.26±0.003 and 0.32±0.003 in the deep 
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profile, suggests potential aging of modern OC and/or percolating of modern C 
into the deepest samples (see Section 3.5.1 for discussion).  
3.4.1.3 Rhenium concentrations 
The protolith samples (below ~6 m) under the valley (CZMW2 and CZMW10) 
have the highest Re concentrations, with a range of values between 0.10 ppb and 
0.42 ppb and a mean value of 0.19±0.11 ppb (n=11, ±1SD; Figure 3.3). These are 
similar to Re concentrations for the protolith under the ridge (below ~16 m in 
CZMW8) varying between 0.11 ppb to 0.23 ppb, with a mean value of 
0.16±0.06 ppb (n=4, ± 1SD) (Figure 3.3, Table 3.1). The Re concentrations in the 
Shale Hills protolith are more than 100-times lower than those measured in black 
shale weathering profiles from the US (Jaffe et al. 2002) and Nepal (Pierson-
Wickmann et al., 2002), but similar to those from river bed material in the 
western Southern Alps of New Zealand (0.12±0.02 ppb), which is derived from 
an OC-poor (TOC ~0.13±0.01 %) metamorphized greywacke (Horan et al., 2017).  
In the valley, Re is depleted in the weathered saprock (2.29–6.54 m) to 
between 0.02 ppb and 0.03 ppb (Figure 3.3). Similar Re concentrations are 
measured in saprock under the ridge (0.88–16.0 m). The pattern of Re depletion 
is broadly spatially consistent with the S depletion profiles at Shale Hills (Figure 
3.2; Brantley et al., 2013; Sullivan et al., 2016; Gu et al., 2020) and is consistent 
with weathering profiles developed on black shales (Jaffe et al., 2002; Pierson-
Wickmann et al., 2002), despite the large differences in Re concentration between 
these sites. A slight increase in Re concentration towards the surface soil is 
measured in both boreholes (0.06 ppb and 0.05 ppb, under the valley and ridge, 
respectively) and in the 50 cm deep ridgetop soil profile (Figure 3.3-inlet Soil 
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profile). The highest Re concentration of 0.12 ppb is measured in the top soil 
sample (0–5 cm), which decreases to 0.01 ppb at 42.5 cm depth. 
 
3.4.1.4 Mass transfer coefficient  
To assess the loss or gain of elements during weathering, the composition of the 
parent material (i.e. protolith, or least weathered material) has to be 
characterized. At Shale Hills, this is not straightforward due to potential 
heterogeneity of the parent material over the deep weathering zone 
(Brantley et al., 2013; Gu et al., 2020) and due to the role of deep fractures that 
have additional weathering depletion (Gu et al., 2020). Here the deepest sample 
 
Figure 3.3: Rhenium (Re), total organic carbon (TOC), stable carbon 
isotope (δ13C) and fraction modern (F14C) variation with depth. Borehole 
sediments sampled from the catchment ridge (CZMW8) and valley (CZMW2 
and CZMW10) and soil profile sampled next to the CZMW8 (Figure 3.1). The 
yellow line on all plots shows the pyrite depletion front (Brantley et al., 2013; 
Sullivan et al, 2016). The bars to the right of the plot show approx. depths of 
structural changes due to chemical and physical degradation of the protolith.  
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is used to characterize the parent material. For S, this concentration is within 
±1SD of the parent material previously presented by Brantley et al. (2013) and 
Sullivan et al. (2016). 
The calculated tau values reveal similar patterns in both boreholes (Figure 
3.4), with nearly complete loss of S from the top ~6.5 m under the valley (τS=-
0.95±0.08; mean±1SD) and from the top ~16 m under the ridge (τS=-0.89±0.19; 
mean±1SD), agreeing with results reported by previous work (Brantley et al., 
2013; Sullivan et al., 2016; Gu et al., 2020). The tau values for Re loss are less 
negative than S, but still show substantial depletion in the valley (τRe=-0.84 
to -0.93) and under the ridge (τRe =-0.77 to -0.92). The depletion profiles reveal a 
reaction front, which is close to the S depletion front (Figure 3.4). The tau values 
of Re increase in the upper-most samples from both boreholes, which is explored 
in more detail by the surface soil samples (Figure 3.4–inlet Soil profile). Tau 
values in the soil profile are negative in the top 45 cm, due to lower Re 
concentration in soils compared to the protolith samples (0.23 ppb at 30.6 m). 
However, tau values increase towards the surface from - 0.97 (42.5 cm) to -0.72 
(top 5 cm), suggesting an addition profile. There is TOC accumulation in the top 
meter of the profile under the valley (τTOC=+8.3 and +3.0) and in the top 0.27 m 
under the ridge (τTOC=+5.11). For the ridge profile, TOC shows a net decrease in 
tau between 21.49 m 15.36 m and, with a minimum value of τTOC=-0.48 (Figure 
3.4). This loss tracks the depths of the Re loss profile. A less pronounced decrease 
is observed in borehole under the valley, with the most depleted sample having 
τTOC of -0.14 at 8.38 m depth.  
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Figure 3.4: Mass transfer coeficient tau (τ) versus depth for boreholes 
CZMW2 (valley) and CZMW8 (ridge). The parent composition was 
determined from the concentration measured on the deepest protolith sample 
in the CZMW8 and CZMW2+CZMW10, respectively. 1Data and interpretation 
of the S depletion front is from Brantley et al, 2013 (CZMW2) and Sullivan et 
al., 2016 (CZMW8). The vertical stippled line at negative τ represents the most 
depleted sample and the vertical stippled line at τ=0 represents the parent 
material.   
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Table 3.1. Geochemistry of the borehole samples at Shale Hills. Published and unpublished sulfur concentrations alongside new 
measurements made in this study of total organic carbon (TOC), stable carbon isotope (δ13C), radiocarbon activity (F14C), and rhenium 
(Re) in the studied borehole profiles. Determination of OCpetro concentration and uncertainty bounds are discussed in Section 3.5.1 
Borehole  Sample Depth  
(m) 
Material type δ13C  
‰ 
TOC        
(%)  








S          
(%)  
Reference for S (%) 
CZMW8 -0.27 Soil -26.2 0.37 0.91 ± 0.005 0.03 0.05 0.01 0.05 0.006 Sullivan et al., 2016 
  -0.88 Saprock -26.4 0.09 0.47 ± 0.003 0.03 0.04 0.02 0.03 0.007 Sullivan et al., 2016 
  -5.94 Saprock -27.0 0.06 0.30 ± 0.003 0.03 0.03 0.02 0.02 0.001 Sullivan et al., 2016 
  -12.04 Saprock -26.7 0.05 0.31 ± 0.003 0.03 0.03 0.02 - 0.005 Sullivan et al., 2016 
  -15.36 Saprock -26.4 0.03 0.24 ± 0.003 0.02 0.02 0.02 0.02 0.002 Sullivan et al., 2016 
  -16.40 Protolith -26.9 0.04 0.27 ± 0.003 0.02 0.02 0.02 - 0.142 Sullivan et al., 2016 
  -18.75 Protolith -26.7 0.05 0.28 ± 0.003 0.03 0.03 0.02 0.14 0.122 Sullivan et al., 2016 
  -21.49 Protolith -26.8 0.07 0.26 ± 0.003 0.04 0.04 0.03 0.11 0.100 Sullivan et al., 2016 
 Parent -30.36 Protolith -26.8 0.06 0.32 ± 0.003 0.03 0.04 0.02 0.23 0.172 Sullivan et al., 2016 
                        
CZMW2 -0.46 Soil -25.9 0.32 - - - - 0.06 0.006 Brantley et al., 2013 
  -1.07 Soil -26.0 0.14 - - - - 0.04 0.006 Brantley et al., 2013 
  -2.29 Saprock -25.1 0.07 - - - - 0.03 0.007 Brantley et al., 2013 
  -3.81 Saprock -26.2 0.06 - - - - 0.03 0.006 Brantley et al., 2013 
  -6.55 Saprock -26.2 0.06 - - - - 0.02 0.007 Brantley et al., 2013 
  -8.38 Saprock -25.2 0.03 - - - - 0.12 0.091 Brantley et al., 2013 
  -9.91 Protolith -25.8 0.04 - - - - 0.15 0.098 Brantley et al., 2013 
  -11.43 Protolith -26.1 0.05 - - - - 0.13 0.114 Brantley et al., 2013 
  -12.96 Protolith -24.4 0.05 - - - - 0.17 0.110 Brantley et al., 2013 
  -14.48 Protolith -25.5 0.05 - - - - 0.12 0.082 Brantley et al., 2013 
  -16.01 Protolith -26.3 0.04 - - - - 0.24 0.089 Brantley et al., 2013 
                      
CZMW10 -7.62 Saprock - - - - - - 0.14 0.126 this study 
  -20.27 Protolith - - - - - - 0.10 0.063 this study 
  -24.23 Protolith - - - - - - 0.37 0.140 this study 
  -28.80 Protolith - - - - - - 0.17 0.164 this study 
 Parent -34.90 Protolith - - - - - - 0.42 0.168 this study 
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3.4.2 Water samples 
3.4.2.1 Stream water chemistry  
Major ions in the Shale Hills stream are relatively dilute, compared to large world 
rivers (Gaillardet et al., 1999). The dissolved load is dominated by Ca2+, with a 
mean value of 205±83 μmol l-1 (all stream waters: n=11, ± 1SD, unless otherwise 
stated).  Mg2+, Na+, and SO42- concentrations are lower, with a mean value of 
88±21 μmol l-1, 28±5.6 μmol l-1 and 80±6.6 μmol l-1, respectively. The stream 
water chemistry is consistent with data collected at Shale Hills between 2006 and 
2011, discussed in Herndon et al. (2015a). The major ions show a broad dilution 
trend with increased discharge, albeit one with less constraint at high flow 
(Figure 3.5A – example for SO42-). Dissolved Re concentrations show less 
variation than the major ions (Figure 3.5B), with values between 3.8 pmol l-1 and 
5.5 pmol l-1, and a mean of 4.3±0.6 pmol l-1. These values are towards the lower 
end of published values for dissolved Re concentrations in river water (Hilton et 
al., 2014; Horan et al., 2019, 2017; Miller et al., 2011). No clear trend is observed 
between Re concentration measured in stream water and discharge (Figure 
3.5B), while the highest Re concentration (5.5 pmol l-1) is measured at the highest 
discharge (20 l s-1).  
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3.4.2.2 Groundwater and precipitation chemistry 
In agreement with previous work on major ions (Jin et al., 2014), groundwater is 
more concentrated in Na+, Ca2+, and Mg2+ ions compared to stream water (Table 
3.2). In contrast, the mean SO42-concentration in groundwater (76±30 μmol l-1) is 
similar to values measured in the stream. Rhenium concentrations in 
groundwater samples show a larger range (1.3–10.0 pmol l-1). The highest Re 
concentrations were measured in two wells located in the valley, of 6.3 pmol l-1 
and 10.0 pmol l-1 for CZMW2 and Well 11 (Figure 3.1), where the level of the 
water table was aligned with the stream water level, indicating a groundwater 
contact with Re-rich surface soils. The Re concentration in the four precipitation 
samples analyzed in this study ranged between 0.4 pmol l-1 and 3.0 pmol l-1, with 
a mean value of 1.3±1.1 pmol l-1 (n=4; ±1SD). The highest Re concentration in 
precipitation samples is similar to those measured in stream water. These values 
are in agreement with the values reported for rainwater Re from Falmouth, 
Massachusetts, on the East coast of the US, which range between 0.03 pmol l-1 and 
5.9 pmol l-1 (Miller et al., 2011).  
 
Figure 3.5: Discharge-concentration (Q-C) relationship for SO42- and Re. 
The black line is a power law regression fit to all samples (n=11). The fit for 
each element is described by correlation coefficient (r2).  
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Table 3.2. Dissolved load chemistry at Shale Hills. Major ions and Re on stream water, groundwater and precipitation samples. Major 
ions on the precipitation samples are from NADP database (NADP, 2020) obtained in the same week as the samples analyzed for Re. 


















SH18-04 19/08/2018 Stream water Gauging station 100 21 77 30 28 101 242 5.2 
SH 20-06-18 20/06/2018 Stream water Gauging station 24 23 83 40 29 131 332 4.1 
SH 03-08-18 03/08/2018 Stream water Gauging station 1760 16 65 20 26 53 57 5.5 
S19-1 06/02/2019 Stream water Gauging station 241 20 76 25 25 69 101 4.2 
S19-2 27/02/2019 Stream water Gauging station 132 17 83 25 22 79 146 3.8 
S19-3 13/03/2019 Stream water Gauging station 363 18 86 23 20 74 292 4.7 
S19-4 31/03/2019 Stream water Gauging station 49 18 89 29 22 97 243 4.1 
S19-5 17/04/2019 Stream water Gauging station 271 16 81 23 23 73 149 3.8 
S19-6 01/05/2019 Stream water Gauging station 47 19 87 33 25 104 256 4.2 
S19-7 23/05/2019 Stream water Gauging station 89 18 81 28 25 94 218 4.0 
S19-8 03/06/2019 Stream water Gauging station 91 18 80 28 25 91 212 3.9 
SH18-02 19/08/2018 Groundwater Well nr. 11 - 28 80 40 29 86 69 10.0 
SH18-05 19/08/2018 Groundwater CZMW2 - 29 132 296 17 214 1028 6.3 
SH18-10 20/08/2018 Groundwater Well nr. 09 - 25 78 43 35 99 97 4.9 
SH18-12 20/08/2018 Groundwater Well nr. 12 - 37 47 162 37 504 330 1.3 
SH18-11 20/08/2018 Groundwater CZMW8 - 20 64 31 25 49 39 3.6 
SH18-13 20/08/2018 Groundwater CZMW6 - 23 54 29 36 270 257 4.5 
Rain 10/07/13 07/10/2013 Rain - - 1.3 4.5 0.9 2.6 0.7 1.1 0.4 
Rain 2014/10/23 23/10/2014 Rain - - 1.0 19.2 0.2 0.2 0.5 1.9 3.0 
Rain 7/1/13 01/07/2013 Rain - - 1.0 7.8 0.3 0.3 0.4 1.6 1.0 
Snow 02/07/14 07/02/2014 Snow - - 2.1 3.9 0.7 0.2 0.2 0.7 0.7 
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The borehole sediments from Shale Hills display notable Re loss profiles (Figure 
3.4), with a reaction front which broadly coincides with that of pyrite (S) loss. 
Directly assessing the location of the OCpetro reaction front is more challenging, 
with clear evidence for OC inputs in the near surface and saprock (Figure 3.4). 
Here we use radiocarbon to characterize OCpetro distribution in more detail, and 
examine its behavior alongside the sulfide oxidation front (Brantley et al., 2013; 
Sullivan et al., 2016). We also assess the mobility of Re in the deep weathering 
zone, and seek to quantify the long-term Re and OCpetro oxidation rates. Finally, 
we discuss the enrichment of Re in the near surface soils, stream water and 
precipitation, in the context of anthropogenic inputs of Re in a low erosion rate 
setting.    
3.5.1 Evidence for OCpetro loss during weathering  
The borehole profiles of TOC and τTOC contain information on OCpetro loss, and 
show a depletion of TOC coincident with the Re and S reaction fronts (Figure 3.3 
and Figure 3.4). Because the TOC concentration in the Rose Hill shale is low 
(Table 3.1, Jin et al., 2014), the contribution of OCbio needs to be assessed 
carefully. Unfortunately, the stable isotopic composition of the TOC is not helpful 
in this regard, showing no systematic variation between the soil, saprock, and 
protolith (Figure 3.3) and so not providing an indication of the source of OC.  
Instead, we can use the radiocarbon activity (F14C) of the bulk organic 
matter in the ridgetop borehole (CZMW8) sediments (Figure 3.3). However, we 
find no fully 14C-depeleted sample (Figure 3.3), and thus require a source of OC 
that contains radiocarbon. The most 14C-enriched source in the catchment is 
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recent organic matter formed by photosynthesis (F14C ~1). The surface sample 
composition (F14C = 0.91) can be explained by input from modern OCbio. In a deep 
weathering profile such as the one studied here, there may be additional 
14C-depeleted inputs, and these need to be considered to assess OCpetro 
contributions. 
The aging of plant-derived organic matter lowers F14C (e.g. a F14C value of 
0.7 corresponds to 2,865 radiocarbon years). This could partly explain the 
14C-depletion of the sample at 0.88 m depth (F14C = 0.47). The transport of this 
modern or aged OC into the saprock could occur as dissolved OC (DOC), 
percolating downwards from the surface via flow pathways through the saprock 
(Marin-Spiotta et al., 2011), or it could be associated with colloidal transport (Yan 
et al., 2018). An additional source of 14C could be from the dissolved inorganic 
carbon (DIC) pool, which can derive from a mixture of atmospheric CO2 and 
carbonate mineral weathering (Jin et al., 2014), producing a F14C between 0.5 and 
1.0. This would have to be used by microbes at depth, perhaps under saturated 
conditions during SO42- reduction (Schwab et al., 2019). Considering the 
uncertainties that come from these multiple pathways for 14C addition, we 
assume that the bulk OC pool is a mixture between OCpetro (F14=0) and an 
14C-enriched pool (Blair et al., 2003; Galy et al., 2008; Hemingway et al., 2018). 
The F14C values of the enriched pool can be between 1.1 (potential bomb 14C 
inputs) to 0.5 (potential aged DOC and DIC inputs). This range is used for each 
sample with a Monte Carlo simulation (1,000-times per sample) to return OCpetro 
concentration values, reported as the 50% (median), +1σ (84.1%) and -1σ 
(15.9%) percentile of these predicted OCpetro values (Figure 3.6, Table 3.1).  
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The least well constrained OCpetro content values are from the top most 
samples of the profile, with values between 0.012 % and 0.051 %. These 
correspond to a τOCpetro value varying between +0.40 and -0.47. This uncertainty 
comes from the modest 14C-depeletion, which could be explained by very little 
OCpetro addition (i.e. biospheric OC aging), and because the OCpetro contents are 
low compared to the %TOC values (Figure 3.3). It is likely that the approach here 
over-estimates OCpetro in the upper most sample. With increasing depth OCpetro 
concentration is better constrained. Between 21.5 m and 15.4 m there is a distinct 
decrease in OCpetro, from 0.039 % to 0.024 % (Figure 3.6A). The corresponding 
 
Figure 3.6: OCpetro concentrations and a depletion profile for the ridgetop 
borehole. A: The median OCpetro concentrations based F14C activity and binary 
mixing model, versus depth. The symbols represent the median value and the 
grey shading ±1 sigma (σ). B: Mass transfer coefficient tau calculated for 
OCpetro concentrations (τOCpetro) versus depth for borehole CZMW8 (ridge).  
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τOCpetro decreases from +0.19 to -0.36 (Figure 3.6B), signaling OCpetro weathering 
front.  
 Despite the very low OCpetro contents of the protolith at Shale Hills, and 
the challenges of applying 14C as a proxy for its input, there is evidence for an 
OCpetro reaction front. Future work could unpack OC inputs and C cycle processes 
using the ramped pyrolysis oxidation (RPO) coupled to radiocarbon technique, to 
isolate OC with different thermal reactivity (Grant et al., 2019; Hemingway et al., 
2017). Here, we turn to the loss of Re to better constrain oxidative weathering 
processes and fluxes at Shale Hills.   
3.5.2 Rhenium source and mobility during oxidative weathering  
3.5.2.1 Re/TOC and Re/OCpetro ratios in the protolith 
The Re/TOC and Re/OCpetro ratios of the deep, least weathered (i.e. protolith) 
samples can provide information on the association of Re and its host at the Shale 
Hills site. We focus on samples collected below ~16 m in the ridgetop borehole 
(where we have 14C and OCpetro estimates) and below ~6.5 m under the valley 
(where we only have %TOC). The Re/TOC ratios range between 1.6×10-7 g g-1 and 
62×10-7 g g-1. The Re/OCpetro ratio varies between 2.9×10-7 g g-1 and 74×10-7 g g-1.  
The Re/TOC and Re/OCpetro ratios determined at Shale Hills is within 
range of the numerous previous studies, which include black shales, and 
metamorphosed sediments (Figure 3.7). In terms of TOC concentrations, the 
Shale Hills lithology is more than two orders of magnitude lower than some 
previous studies on black shales (Jaffe et al., 2002; Peucker-Ehrenbrink and 
Hannigan, 2000; Ross and Bustin, 2009). The TOC concentrations at Shale Hills 
are most similar to bed load samples collected from catchments in New Zealand’s 
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Southern Alps (Horan et al., 2017), which also show comparable Re/TOC ratios. 
These observations could suggest OCpetro is a common host-phase for most of the 
Re in these samples.  
 
 To explore this further, we turn to the ratio of Re to Na and S, which has 
been previously applied to quantify the role of sulfide and silicate-derived Re 
(Horan et al., 2019). Generally, it is expected that Re concentrations in silicate and 
sulfide minerals will be low, resulting in low Re/Na ratios for silicates, and low 
Re/S ratios for sulfides (Peucker-Ehrenbrink and Hannigan, 2000; Miller et al., 
2011). In contrast, Re enrichment associated with OC can increase Re/Na and 
Re/S ratios (Das et al., 2012). Here we use end-member compositions for the 
sulfides (Re/S~0.0006 pmol/μmol; Horan et al., 2019) and silicates 
(Re/Na = 2.4×10-4 to 2.2×10-3; Dellinger et al., in prep.; Dalai et al., 2002) to assess 
Re sourced from OCpetro. There is a large uncertainty on these compositions, in 
 
Figure 3.7: Assessment of the Shale Hills Re/TOC rations across different 
sedimentary environments. The Re/TOC ratios in protolith samples from 
Shale Hills (CZMW2, CZMW8) are compared to ratios obtained on bed load 
sediments in New Zealand’s Southern Alps 1Horan et al. (2017), Devonian 
black shales from Clay City, US 2Jaffe et al. (2002), Silurian black shales from 
Quebec 3Peucker-Ehrenbrink and Hannigan (2000), and a series of 
sedimentary rocks from the Mackenzie River basin 4Ross and Bustin (2009).  
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particular for the sulfide end-member. The mixing model and end-member 
composition will be re-assessed in Chapter 4 of this thesis. The three-component 
mixing model (Figure 3.8) suggests that in the protolith samples at Shale Hills, Re 
is largely associated with OCpetro, having a range of values between 81% and 93% 
and a mean value of 83±5.5% (± 1SD n=13).  
 
3.5.2.2 Loss of Re, S, and OCpetro through weathering 
The ridgetop borehole (CZMW8) shows broadly coincidental loss of S, OCpetro and 
Re at 15.36 m (Figure 3.4 and Figure 3.6). However, the pyrite oxidation (S loss) 
front is much sharper, with an abrupt change in τS from -0.99 to -0.19 over a short 
vertical distance of 0.4 m. The depletion profiles of OCpetro across the weathering 
front appears more steadily (Figure 3.6), with τOCpetro values from -0.36 to +0.19 
occurring over a longer vertical distance of ~6 m. The number of samples for Re 
at this depth make the comparison harder, but the Re loss profile looks similar 
 
Figure 3.8: Assessing the source of Re in solids and water samples from 
the Shale Hills catchment. A mixing space defined by rhenium to sodium 
versus rhenium to sulfur ratios is used to determine the end-member 
composition in OCpetro, coal (Dai et al., 2015), silicate minerals (Dellinger et al., 
in prep.) and sulfides (Horan et al., 2019).  
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(i.e. broad reaction front) to the OCpetro profile (Figure 3.4). This is consistent with 
our assessment that ~83 % of the Re is associated with OCpetro. The decoupling of 
S from OCpetro and Re is also clear in the tau values of saprock samples. In the 
ridgetop borehole, there is a nearly complete depletion of S (τS ~-0.99), but τRe 
varies between -0.77 and -0.93. If ~80 % of the Re is hosted OCpetro, this would 
suggest a τOCpetro of between -0.6 and -0.7. At the reaction front, τOCpetro is -0.36. 
The higher tau value for OCpetro could partly reflect the uncertainty in its 
quantification, for which we may be overestimating OCpetro concentration using 
the 14C-mixing model approach (Section 3.5.1).   
The patterns in the data could also come about by incomplete OCpetro 
oxidation. Metamorphic alteration of the studied shale (Gu et al., 2020) could 
thermally mature the organic matter in the rock, potentially making the OC in the 
rock more resistant to weathering (Petsch, 2014). Un-weathered, graphitized 
organic matter has been found in river sediments of the Amazon and Ganges 
rivers, leading the authors to suggest that high-temperature alternation of 
organic matter in bedrock makes it resistant to weathering and oxidation 
(Bouchez et al., 2010; Galy et al., 2008). Alternatively, association of OCpetro or its 
weathered products with clay minerals may protect them from further oxidation 
(Hemingway et al., 2019). For Re, an additional factor could be the presence of Re 
in silicate phases. Incomplete and more gradual weathering fronts have been 
described for Na, Mg, and K, which represent chlorite and plagioclase silicate 
minerals in the studied boreholes CZMW2 and CZMW8 (Gu et al., 2020).   
The decoupling of S loss from OCpetro and Re loss has been previously 
observed in black (Ohio) shale weathering profile (Jaffe et al., 2002). There, the S 
oxidation front was at least 3 m deeper than the coupled Re and OC oxidation. 
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The shift in S and OCpetro oxidation fronts can reflect the more rapid reaction 
kinetics of pyrite (Georgiev et al., 2012; Petsch et al., 2000). Indeed, at Shale Hills 
the oxidation of pyrite minerals plays a crucial role in subsequent oxidative 
weathering and acid hydrolysis reactions (Brantley et al., 2013). This is because 
pyrite oxidation produces sulfuric acid, that can dissolve both carbonates and 
clay minerals, resulting in increased pore space in the weathered matrix (Gu et 
al., 2020). After pyrite is completely exhausted from the saprock, oxygen can 
more effectively enter through the new porosity, reacting with the remaining 
rock matrix (Jin et al., 2010; Brantley et al., 2013; Gu et al., 2020) and resulting in 
OCpetro and Re oxidation. 
3.5.3 Long-term OCpetro oxidation rates 
The depletion of OCpetro and Re in the borehole samples can be used to quantify 
the long-term OCpetro oxidation rates, and by inference, calculate the release of 
CO2 from the lithosphere due to weathering at this site. As the radiocarbon 
activity of the samples show evidence for OCpetro loss at a deep weathering front, 
we can use this to estimate corresponding CO2 release over the timescales of 
weathering front formation (Equation 3.2).  
Here ω is denudation rate representative for ridge area at the Shale Hills 
catchment (45 m  Myr-1; Ma et al., 2010), [OCpetro]p is the concentration below the 
reaction front (0.04 %) and [OCpetro]s is the concentration at the top of the 
weathering front (0.02 %). Density of the protolith samples (ρP) is 2.42 g cm-3 
(Herndon and Brantley, 2011). The long-term OCpetro weathering at Shale Hills is 
estimated to 1.6×10-2 tC km-2 yr-1.  
 𝐽𝑂𝐶𝑝𝑒𝑡𝑟𝑜 =  𝜔 × 
([𝑂𝐶𝑝𝑒𝑡𝑟𝑜]𝑝− [𝑂𝐶𝑝𝑒𝑡𝑟𝑜]𝑠)
100
 × 𝜌𝑃  (3.2) 
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In addition, the trace element Re has been more precisely determined in 
these OC-poor samples. To apply the Re proxy to track OCpetro oxidation rates 
(JOCpetro-Re), the following Equation 3.3 is used. 
Here, the ω and ρP are the same as defined above and FRe-OC stands for fraction of 
Re, derived from OCpetro, as presented in Figure 3.8 (FRe-OC = 0.83±0.05 %). The 
[Re/OC]petro is the ratio below the weathering front (4.3×10-7 g g-1), [Re]p is the Re 
concentration directly below the front (0.11 ppb), and [Re]s is the Re 
concentration above the front (0.02 ppb). The long-term OCpetro emissions at 
Shale Hills determined by the Re proxy are thus estimated to be 
2.0±0.2×10-2 tC km-2 yr-1.  
A previous estimate of CO2 release from OCpetro oxidation at Shale Hills was 
made by Jin et al. (2014). There, the CO2 release from OC oxidative weathering 
was determined by calculating the amount of OC present in the volume of bedrock 
(using bulk OC concentrations measured in the protolith and rock density) 
multiplied by rate of soil production (20 mM yr-1, Ma et al., 2010). The CO2 release 
rate presented in Jin et al. (2014) was 1.5×10-2 t C km-2 yr-1, which is broadly 
similar, given uncertainties, to our estimates presented above, using OCpetro loss 
at the reaction front (1.6×10-2 t C km-2 yr-1) and the Re proxy 
(2.0±0.2×10-2 tC km-2 yr-1).  





 × 𝐹𝑅𝑒−𝑂𝐶  × 𝜌𝑃 (3.3) 
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The OCpetro oxidation rate at Shale Hills is expected to be low for two 
reasons: i) the OCpetro-depleted shale; and ii) extremely low denudation rates. 
Numerical models of OCpetro oxidation, constrained by the reactivity of coal from 
abiotic laboratory incubations (Chang and Berner, 1999), suggest that OCpetro 
oxidation is limited by supply of fresh, un-oxidized material (Bolton et al., 2006). 
Dissolved Re fluxes from catchments in Taiwan and New Zealand confirm this, 
and suggest that increases in erosion are linked to increases in OCpetro weathering 
(Hilton et al., 2014; Horan et al., 2017). Our estimate of OCpetro oxidation at Shale 
Hills is 2–3 orders of magnitude lower than OCpetro oxidation rates that use the 
dissolved Re proxy in high erosive catchments of the Himalaya (Dalai et al., 2002), 
Taiwan (Hilton et al., 2014), New Zealand (Horan et al., 2017), and the Mackenzie 
river system (Horan et al., 2019) (Figure 3.9). This reaffirms that erosion is the 
driving force of OCpetro oxidation on a global scale.  
 
 
Figure 3.9: Global compilation of the erosion control on the OCpetro 
oxidation rates (tC km-2 yr-1). The suspended sediment yield is a proxy for 
erosion rate and OCpetro oxidation rates are determined with the Re proxy. 
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3.5.4 Decoupling of stream water Re from deep weathering   
At Shale Hills, we find stream water Re concentrations that are high (Figure 3.5), 
despite the very deep Re weathering front and relatively low Re concentrations 
of the protolith (Figure 3.3). We also observe enrichment of Re in surface soils 
(Figure 3.3 – inlet Soil profile). Previous work has suggested that dissolved Re 
could be influenced by anthropogenic perturbation of the Re cycle (Miller et al., 
2011; Rahaman et al., 2012). Here we explore its potential role at Shale Hills, 
providing a case study of a low denudation landscape that contrasts with most 
recent work on dissolved Re (Hilton et al., 2014; Horan et al., 2019, 2017).  
3.5.4.1 Rhenium supply from weathering  
The present-day Re flux in stream water leaving the catchment (Restream, 
pmol m-2 yr-1) based on the Re measurements collected in this study, can be 
calculated using the discharge-weighted average as in Equation 3.4. 
Here Re (pmol l-1) is Re concentration measured in stream water over the 
sampling period, Qi (l s-1) is the instantaneous discharge measure at the time of 
sample collection, and Qa (l s-1) is the mean annual stream discharge for the 
sampling period. The present-day Re flux from the Shale Hills catchment is 
4.7×103 pmol m-2 yr-1.  
A mass balance approach can estimate the release of Re to the stream 
water associated with weathering of the protolith (ReCW; pmol m-2 yr-1), using 
Equation 3.5. 
 𝑅𝑒𝑠𝑡𝑟𝑒𝑎𝑚 = 
𝑅𝑒 ×  𝑄𝑖̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
𝑄?̅?
 × 𝑄𝑎̅̅̅̅  (3.4) 
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The terms used here are defined in Equation 3.3. The expected release of Re to 
the stream due to weathering of the protolith (ReCW) is calculated to 
8.0×101 pmol m-2 yr-1. This is much lower than the dissolved Re flux from the 
Shale Hills stream. Indeed, only ~2% of the dissolved Re in stream water at Shale 
Hills appears to originate from chemical weathering. To explore why there is such 
a stark decoupling of weathering inputs and dissolved exports, we turn to the 
precipitation and surface soil samples.  
3.5.4.2 Evidence for atmospheric deposition of Re 
Previous studies have suggested that atmospheric deposition may supply an 
important amount of Re to the surface of some catchments (Colodner et al., 1993; 
Miller et al., 2011; Rahaman et al., 2012). The area surrounding the Shale Hills 
catchment is known for coal burning activities, with a number of historical iron 
furnaces, fueled by local Pennsylvania coal (Herndon et al., 2011; Kraepiel et al., 
2015). Furthermore, the Shale Hills catchment is located downwind of 
contemporary coal power plants located in Western Pennsylvania (Lima et al., 
2005; Ma et al., 2014). During coal combustion (500–700 °C), Re may be volatized 
and released to the atmosphere as Re2O7 (Colodner et al., 1995). It is then 
deposited on the surrounding soils and streams through either wet or dry 
deposition (Novo et al., 2015). The abundance of Re in coal fly ash, a by-product 
of coal burning, may be significant, as suggested by high Re concentration 
(5.2 ppb) measured in a Coal Fly Ash standard reference material 1633a (product 
of Pennsylvania and West Virginia coals) for this study, and a coal fly ash sample 
from Inner Mongolia with Re concentration of 7.3 ppb (He et al. 2018). Significant 
 𝑅𝑒𝐶𝑊 = ([𝑅𝑒]𝑝̅̅ ̅̅ ̅̅ ̅ − [𝑅𝑒]𝑆̅̅ ̅̅ ̅̅ ̅)  ×  𝜌𝑃  × 𝜔  (3.5) 
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atmospheric deposition of Re is consistent with the elevated Re/Na and Re/SO4 
ratios in precipitation samples from Shale Hills, which plot close to the OCpetro 
(coal) end-member (Figure 3.8). 
The present-day atmospheric Re flux (ReAtm) may be estimated by 
multiplying the average Re concentration of precipitation samples 
(1.28±0.99 pmol l-1) with the mean annual precipitation for Shale Hills, of 
1070 mm yr-1, (Jin et al., 2014). A modern-day atmospheric deposition of Re at 
Shale Hills is 1.4±1.1×103 pmol m-2 yr-1 (Figure 3.10). By itself, the modern Re 
input from rainwater is almost 20-times the chemical weathering supply of Re, 
and can account for ~30% of the dissolved Re flux in this small catchment.  
Groundwater samples collected at Shale Hills provide further insight. In 
the valley, samples collected during conditions with a high-water table have 
elevated Re concentrations (Table 3.2) and Re/Na and Re/SO4 ratios (Figure 3.8). 
The high Re concentrations in the stream and shallow groundwater suggest 
additional inputs to explain their concentrations. These can come from surface 
soils, where rainfall events may leach previously deposited Re through an 
overland, surface flow. At the Shale Hills catchment, the surface soils appear to 
act as a temporary Re reservoir enriched in anthropogenic Re, suggesting that 
present-day Re cycle in the dissolved load has been perturbed by recent human 
activities.  
3.5.4.3 Rhenium cycling in surface soils 
Rhenium deposited in the catchment through wet or dry atmospheric deposition, 
reacts with soil and surface waters and is converted to the perrhenate ion: ReO4. 
In this form, Re is thought to be stable through the entire river water pH 
(Colodner et al., 1993) and highly mobile. Therefore, long-term accumulation of 
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Re in circumneutral top soil is not expected. However, forest soil at the Shale Hills 
catchment has been long exposed to acidic precipitation (pH 4.2–4.4) from 1980 
until the early 2000s (NADP, 2020). Present day soil pH vary between 4.0±0.1 on 
the ridge and 4.7±0.2 in the valley (Herndon et al., 2015b; Jin et al., 2011). A 
laboratory based study by Kim et al. (2004) showed that more than 40% of ReO4- 
could be reabsorbed onto organic molecules at pH ~4. With the increasing pH of 
precipitation over recent years, the reabsorbed Re could be leached into the 
surface waters, explaining the high Re concentrations in stream waters and the 
chemostatic Re behavior in the dissolved load (Figure 3.5B). Indeed, at Shale Hills 
we observe an enrichment in Re concentration towards the top-most soil layer in 
a 50 cm deep soil profile collected on the ridge top, close to borehole CZMW8 
(Figure 3.3-inlet Soil profile). Accumulation of several other metals in the top soil 
layer is also seen at the Shale Hills, e.g. Mo and Mn (Herndon et al., 2011; Kraepiel 
et al., 2015) and Pb (Ma et al., 2014), which might accumulated from past 
industrial activity, modern day steel plants and coal burning, or gasoline 
combustion activities (Herndon et al., 2011).  
To better understand the potential stocks of Re in the near surface soils, 
we estimate the Re mass in the soil by calculating the depth-weighted mean as 
follows in Equation 3.6:  
here [Re]soil is the mean Re concentration in soil (0.06 ppb, n=4) and ρsoil is the 
soil density (ρSoil = 1.4 g/cm3; Lin et al., 2006) at a certain depth (d). The Re 
reservoir in the soil profile is 4.5×105 pmol m-2 (d = 50 cm); however, the highest 
 𝑅𝑒𝑠𝑜𝑖𝑙 = 
[𝑅𝑒]𝑠𝑜𝑖𝑙 × 𝜌𝑠𝑜𝑖𝑙 × 𝑑̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
𝑑
  (3.6) 
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Re reservoir is apparent in the top 5 cm of the organic soil (6.2×105 pmol m-2), 
which gradually decreases with depth to 1.1×105 pmol m-2 (40-50 cm deep). 
Rhenium leaching from surface soils could represent an important 
pathway. To explain the measured dissolved Re flux, soil leaching 
(Releach,soil=Restream – Reatm – Recw) would have to contribute 3.2×103 pmol m-2 yr-1 
(Figure 3.10). With this constraint, we can estimate the time needed to deplete 
the accumulated Re in the surface soil (turnover time), assuming this leaching of 
Re is constant over time and acts to deplete the surface soil reservoir 
(Equation 3.7). 
Here mRe,soil is mass of Re in the top 5 cm of the soil profile (6.2×105 pmol m-2) 
and Releach,soil is the inferred rate of Re loss from leaching the soil 
(3.2×103 pmol m-2 yr-1). This returns an estimate of TRe of 193 years. This is a 
considerable timeframe over which dissolved Re concentrations could be 
elevated.  
The Shale Hills study shows that low denudation rates coupled with 
anthropogenic pollution via atmospheric metal deposition, can significantly 
perturb surface Re cycling and dissolved Re concentrations in stream water. 
While our study covers only a very small surface, these findings echo global 
assessments suggesting that the current cycling and usage of Re associated with 
human activities is equivalent to a Re flux of 0.15±0.01 Gg yr-1, which is three 
times larger than the natural Re flux 0.05±0.03 Gg yr-1, globally. Our study calls 
for future work to better constrain modern and historic Re inputs to the surface 





Rock organic carbon oxidation and surface rhenium cycling 
94 
 
of catchments, and highlights that the dissolved Re proxy for OCpetro oxidation 
(Dalai et al., 2002; Hilton et al., 2014) may result in overestimation in low 
denudation settings. 
 
Figure 3.10: Rhenium (Re) reservoirs (pmol m-2) and fluxes 
(pmol m-2 yr-1) at the Shale Hills catchment. Abbreviations: Reatm = Re 
derived from present day atmospheric deposition; Recw = Re derived from 
chemical weathering of the protolith; Releach,soil = Re leaching through surface 
soils; Restream = Re export from the catchment via stream discharge; mRe,soil = 
Re stock in the top 0.5 m of the surface soils; mRe,protolith = Re stock over 11m of 
the protolith.  
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This study combines measurements of radiocarbon in organic matter and the 
trace element Re to examine the processes of oxidative weathering of OCpetro in a 
setting experiencing low denudation. In deep weathering profiles developed at 
the Shale Hills Critical Zone Observatory, we find evidence for OCpetro depletion 
across a broad, ~6 m wide weathering front in a borehole from the ridge 
(CZMW8), with a tau (τOCpetro) value of up to -0.36. However, the measurements 
of radiocarbon require a deep percolation of 14C-enriched OC, which makes the 
determination of OCpetro loss challenging in the weathered saprock. We turn to 
the trace element Re, and find the Re/OCpetro ratio in the deep, least weathered 
samples similar to other sedimentary lithologies, suggesting organic matter is an 
important host of Re in the rocks. We use Re/Na and Re/S ratios to estimate that 
~83% of Re is sourced in OCpetro in this setting. The depletion profile of Re occurs 
over a broad reaction front (similar to OCpetro front), with τRe between -0.77 
and -0.93. In contrast, the pyrite weathering front (S loss) in the ridgetop 
borehole is much narrower (~0.4 m) at a similar depth of 15.4 m and the S is 
almost fully depleted (τS = -0.99). We use the OCpetro depletion and the Re loss 
profiles to quantify long-term OCpetro oxidation rates, which are low 
(<2.0×10-2 t C km-2 yr-1), but consistent with low denudation rates 
(0.01-0.025 mm yr-1), confirming the important role of mineral supply and 
erosion rate on OCpetro oxidation.  
At Shale Hills we find a pronounced difference between the deep weathering 
cycle of Re and Re cycling at the surface of the catchment. We calculate that the 
low oxidative weathering rates can supply only small amounts of Re to the stream 
(~8.0×101 pmol m-2 yr-1), and note that the upper ~15.4 m of the saprock is Re 
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depleted. In contrast, the dissolved Re export from the catchment is calculated as 
4.7×103 pmol m-2 yr-1, with precipitation, shallow groundwater, and upper 10 cm 
of surface soils all having elevated Re concentrations. To explain these patterns, 
we suggest that there is an anthropogenic Re input into the catchment due to 
historical steel production and coal burning activities. Atmospherically derived 
Re may have accumulated in the surface soil under acidic conditions and is now 
being slowly leached to the stream waters. The current reservoir of Re in the 
surface soil could take centuries to deplete. This study highlights that 
anthropogenic inputs of Re from the atmosphere can be a large component of the 
Re budget in settings with low denudation rates. It calls for renewed focus on the 
recent perturbation of the Re cycle and how this element could help understand 
the legacy of pollution impacts in catchment soils.
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The Brusquet catchment at the Draix-Bléone Critical Zone Observatory, South 
French Alps; Photo taken from the north ridge towards the south;  
October 2017; Photo: Robert G. Hilton 
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The oxidation of organic carbon in sedimentary rocks (OCpetro) plays an important 
role in setting the concentrations of oxygen and carbon dioxide in the atmosphere 
over geological time. Despite this recognition, the fluxes and climate controls on 
the release of CO2 and consumption of O2 during this process are poorly 
constrained. Here, we use the dissolved rhenium (Re) proxy in the Laval and 
Brusquet catchments of the Draix-Bléone Critical Zone Observatory, France to 
explore potential climatic and erosional feedbacks on OCpetro oxidation. The mean 
proportion of the dissolved Re flux sourced from OCpetro is 54±3% and 77±5 % 
for the Laval and Brusquet, respectively. We observe a large variability in the 
proportion of the Re sourced from the OCpetro, which may be explained by the 
seasonality in climate factors that control the production and mobilization of 
weathering products. In summer and autumn months, Re concentrations are up 
to ~10 times higher than during the winter and spring months in the Laval 
catchment (0.86 km2). There, high erosion rates appear to promote weathering, 
which is kinetically limited. In contrast, less pronounced seasonal patterns in Re 
concentrations are observed in the less erosive Brusquet (1.07 km2). We estimate 
a corresponding CO2 release from OCpetro oxidation using the Re proxy of 
~0.4±0.1 tC km-2 yr-1 and ~0.3±0.1 tC km-2 yr-1 for the Laval and Brusquet, 
respectively. These values, especially for the Laval, are significantly lower relative 
to other erosive catchments around the world. We suggest that the low runoff 
(~300 mm yr-1) and high solid load in the Laval may result in some of the oxidized 
Re being exported in the solid load, with the Re yield of suspended sediment 
being >100-times higher than the dissolved Re yield. In small, erosive catchments 
with low runoff, the dissolved Re proxy for OCpetro oxidation may not be 
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conservative. Despite these challenges, the dissolved Re suggests a strong 
temperature control on OCpetro oxidation rates in a kinetically-limited regime, 
while a supply-limited weathering regime could lead to a less pronounced 
temperature feedback on OCpetro oxidation. 
 Introduction 
Over geological timescales, erosion and weathering can transfer carbon to and 
from the lithosphere, thereby influencing the concentrations of oxygen and 
carbon dioxide in the atmosphere and setting Earth’s climate and habitability 
(Berner and Canfield, 1989; Bolton et al., 2006). The solid Earth releases CO2 
during volcanism and metamorphism (Plank and Manning, 2019), and this 
atmospheric CO2 is in part removed by silicate weathering by carbonic acid, 
resulting in the formation of new carbonate minerals (Gaillardet et al., 1999; 
Moon et al., 2014). At the same time, burial of new terrestrial and marine organic 
carbon in sediments also acts as a CO2 sink (Gaillardet and Galy, 2008). However, 
when rocks containing carbonate and organic matter are re-exposed on Earth’s 
continental surface, erosion and weathering can act as a CO2 source via carbonate 
dissolution by sulfuric acid (Calmels et al., 2007; Torres et al., 2014) and rock 
organic carbon (OCpetro) oxidation (Hilton et al., 2014; Petsch et al., 2000). 
Oxidative weathering of OCpetro remains difficult to track and therefore, the rates 
and environmental controls on OCpetro oxidation are poorly constrained (Hilton 
and West, 2020).  
Recent work has explored the patterns and rates of OCpetro oxidation using 
the trace element rhenium (Re) in rivers (Dalai et al., 2002; Hilton et al., 2014; 
Horan et al., 2019, 2017). The application of the dissolved Re proxy is based on 
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its association with OCpetro in sedimentary rocks (Jaffe et al., 2002; Peucker-
Ehrenbrink and Hannigan, 2000) and fast mobilization upon oxidation. As such, 
the Re proxy may provide a catchment-integrated estimate of OCpetro oxidation 
rates, offering a powerful tool to evaluate wider-scale rates of CO2 release from 
weathering of sedimentary rocks. The Re proxy approach has been applied to 
several catchments around the globe, with varying drainage area, erosion rate 
and sedimentary lithology (Dalai et al., 2002; Hilton et al., 2014; Horan et al., 
2019, 2017). The estimates, so far, cover OCpetro oxidation yields between 
0.63 tC km-2 yr-1 and 30 tC km-2 yr-1 and these are broadly positively correlated 
with physical erosion (Hilton and West, 2020). This suggests that the kinetics of 
OCpetro oxidation can keep pace with the increased supply of fresh mineral 
surfaces in high erosive catchments (Bolton et al., 2006). However, annual Re 
yields have generally been calculated from a relatively limited number of samples 
(Dalai et al., 2002; Hilton et al., 2014; Horan et al., 2017; Miller et al., 2011) which 
do not fully capture seasonal variability and/or hydrological controls on Re 
mobility. Studies of major dissolved elements in river waters, have revealed 
notable seasonality and flood-event scale variability in concentrations 
(Hindshaw et al., 2011; Rode et al., 2016; Tipper et al., 2006; Winnick et al., 2017) 
and this can impact the accuracy of weathering flux estimates (Schleppi et al., 
2006; Skarbøvik et al., 2012; Verma et al., 2012). Systematic sampling of the 
dissolved load across flood-events can also help reveal shifts in the production 
and mobilization of weathering products, and shed light on the role of climate and 
hydrology for weathering fluxes (e.g. Winnick et al., 2017). 
This paper seeks to improve our understanding of the Re proxy for 
determination of OCpetro weathering rates in sedimentary catchments, by 
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exploring high temporal resolution sampling in headwater streams, the Laval and 
Brusquet, in the southern French Alps. These catchments provide a case study of 
high sulfide oxidation rates (Chapter 5), which allow us to explore the role of 
sulfides in the supply of Re to the dissolved load. Additionally, the climatic 
controls on dissolved Re production and mobilization are discussed in relation to 
direct measurements of CO2 release in the weathering zone from the Laval study 
site (Soulet et al., 2018). Finally, the annual dissolved Re yields are quantified and 
challenges for estimation of the OCpetro oxidation rates at the study sites are 
outlined. Dissolved Re displays a strong seasonal signal in its production in the 
weathering zone and export by flood events, suggesting an important role of 
temperature in OCpetro oxidation at the catchment-scale.  
 Study site  
The Draix-Bléone Critical Zone Observatory (CZO) is located in south France, near 
the village Draix (Figure 4.1A) and it operates under the French network of 
observatories for the study of the critical zone, OZCAR (Gaillardet et al., 2018). 
The observatory was established in 1983 to monitor erosion, sediment flux and 
hydrology in a steep mountain terrain dominated by extremely erosive black 
marls (Mathys et al., 2003; Mathys and Klotz, 2008).  
The Laval (0.86 km2) and Brusquet (1.07 km2) catchments share similar 
climatic conditions, topographic slopes and rock types with rock organic carbon 
(OCpetro; ~0.5 %), carbonate (~45 %) and sulfide (~0.6 %) concentrations 
(Graz et al., 2012), commonly found in sedimentary rocks (Amiotte Suchet et al., 
2003; Copard et al., 2007). The two catchments differ in the age of exposed rocks 
(Figure 4.1B) with late Jurassic (Bajocian, Lower Bathonian-Callovo-Oxfordian) 
CHAPTER 4 
Climate and erosion control on rhenium production and mobility 
103 
 
black marls (‘Terres Noires”) prevailing in the Laval as opposed to alternating 
early Jurassic (Toarcian) black/grey shale and carbonates (Aalenian-Bajocian) in 
the Brusquet (Graz et al., 2011; Figure 4.1B). The black shales in the Brusquet 
were deposited during the Toarcian Oceanic Anoxic Event (T-OAE), which was 
characterized by notable shifts in the ocean chemistry, reflected in the isotope 
systematics of sedimentary rocks (Gill et al., 2011; Rodríguez-Tovar, 2021). A 
slightly higher total organic carbon (TOC) was measured in Toarcian black shales 
(0.7 %), compared to grey shale (0.5 %), marl (0.3 %), and limestone (0.1 %) in 
the Brusquet (Graz et al., 2011). Clayey mineralogy makes the rocks in both 
catchments very sensitive to chemical and physical weathering and prone to 
develop a typical “badland” morphology, with pervasive V-shaped gullies 
(Mathys et al., 2003).  
The two catchments have a notable contrast in the extent of vegetation 
cover, which impacts catchment hydrology and the export of sediment (Carriere 
et al., 2020; Mathys et al., 2003). The Brusquet catchment was afforested in the 
early 1900s in order to decrease erosion rates and sediment export from the 
catchment (Cosandey et al., 2005; Mathys and Klotz, 2008). Today the vegetation 
covers 87 % of the total surface area, with the highest proportion near the 
catchment outlet, while some steep slopes of the headwaters are bare rock 
outcrops (Cras et al., 2007; Mathys et al., 2003). In contrast, the Laval catchment 
is more sparsely vegetated (32%), partly due to historic deforestation and 
overgrazing in the 19th century (Graz et al., 2012). 
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Figure 4.1: Geographical 
location and geology of 
the Draix-Bléone CZO. 
A: Draix-Bléone CZO in the 
South French Alps. B: 
Geological map of the 
observatory. C: Sampling 
locations of time-series 
samples (gauging station) 
and weathering profiles in 
the Brusquet. D: Sampling 
locations of time-series 
samples (gauging station), 
seep, pore water samples, 
and surface rocks in the 
Laval catchment.  
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The climate at the study site is Mediterranean-Alpine, with large 
temperature differences between the Alpine winter and the Mediterranean 
summer seasons. For the observation period from September/October 2016 to 
September/October 2018, the daily average air temperature varied from ~ -6 °C 
to ~+27 °C. The mean annual precipitation is slightly lower in the Brusquet 
(850 mm yr-1), compared to the Laval (950 mm yr-1), with most of the annual 
precipitation occurring in the autumn and spring seasons, while intense storm 
events may interrupt hot and dry summers. 
The seasonality in climate is reflected in an annual cycle of sediment 
export from the catchments, which is especially pronounced in the Laval. Freeze-
thaw cycles and extreme day-night time temperature differences in winter causes 
cracks and physical breakdown of bedrock, resulting in a mantle of weathered 
material on catchment slopes, which is moved into the streambed during storm 
events in spring (Mathys et al., 2003). In the Laval, these conditions result in one 
of the highest total sediment yields (suspended load and bed load) in the world, 
with a long-term average over 30 years of 14,300 t km-2 yr-1 (Carriere et al., 
2020). While the Brusquet does have some areas of steep, exposed bedrock, the 
catchment-averaged erosion rates are lower. Following afforestation, the 30-year 
average sediment yield from Brusquet is 70 t km-2 yr-1 (Carriere et al., 2020). The 
denser vegetation and surface soil cover can potentially buffer some of the 
intense rainfall and temperature variations, and inhibit transport of bedrock-
derived material to the streambed (Carriere et al., 2020).  
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 Materials and methods 
4.3.1 Materials  
The Draix-Bléone CZO sites offer a unique opportunity to study Re mobility 
during marl and shale weathering at the source lithology and in dissolved and 
solid load. Both experimental catchments are equipped with Parshall flumes, 
discharge recorders and automatic sample collectors providing continuous 
measurements of water discharge (Mathys and Klotz, 2008). Optical fiber sensors 
measure sediment concentration and, combined with discharge measurements, 
are used to calculate the suspended sediment yield (Mathys et al., 2003). 
Upstream from the gauging station, a sediment trap retains the coarse material 
in order to estimate the total amount of bed load transported in the stream. Time 
series data on discharge and sediment export from both study sites are available 
from the Draix-Bléone website: Cambon et al. (2015).  
4.3.1.1 Solid samples  
The solid sample dataset includes surface rock clasts, weathering profiles, river 
bed load and suspended load samples. Additionally, a pyrite vein and secondary 
evaporites were sampled in the Laval and Brusquet, respectively. Solid samples 
were collected during field visits in August 2016, November 2016, March 2017, 
and September 2018.  
Surface rock clasts were sampled at the locations of experimental chambers 
for direct measurements of CO2 release (Roylands et al., In prep.; Soulet et al., 
2018) in the Laval and Brusquet (Figure 4.1C and D). Two regolith profiles were 
sampled from exposed marl outcrops in the Brusquet (Figure 4.1C). Profile 1 was 
sampled close to the geological boundary between Toarcian black marls and 
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Aalenian limestone. Profile 2 was sampled on Toarcian black marls. In both 
profiles, a color change was evident from dark grey at the lowest point (bottom 
samples), through to lighter grey and orange, potentially indicating oxidative 
weathering. The surface samples had evidence for roots and modern plant litter 
mixed with rock clasts.  
Previous work has established that river suspended load is dominated by 
erosion of rock outcrops (Graz et al., 2012) and for that purpose, river suspended 
load samples were recovered from a single storm event in the Laval 
(24/11/2016) and the Brusquet (05/11/2016). Suspended sediment was 
recovered from an ISCO auto-sampler after settling, decomposing of clear water 
and oven drying (60 °C). This method leads to minor bias in the grain size or 
amount of suspended sediment mass in the Draix catchments due to the very high 
suspended sediment concentrations in stream water (Mathys et al., 2003; Mathys 
and Klotz, 2008). River bed load samples were collected at the catchment outlet 
(Figure 4.1C and D). 
4.3.1.2 Water samples 
The prevailing Mediterranean climate and small catchment areas result in annual 
hydrographs which have long periods of low flow punctuated by high flow storm 
events (Figure 4.2). The stream water sampling strategy was designed to capture 
storm events using automatic sampling (ISCO auto sampler), while sampling of 
the low flow regimes took place approximately monthly by hand (Figure 4.2A 
and C). The sampling program captured 16 and 9 storm events for the Laval and 
Brusquet, respectively, corresponding to 68 and 34 individual samples collected 
on the rising, peak and falling limb of the storm events (~2-6 samples per storm, 
depending on the storm duration, Figure 4.2B and D). Sampling of the low flow 
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Figure 4.2: Hydrographs and stream water sampling strategy. A: 
Hydrographs over the observation period for the Laval catchment, with 
samples collected during low flow regime (full symbols, hand sampling) and 
high flow regime (open symbols, automatic sampling). B: An example of a 
storm event sampling in the Laval; open circles are water samples collected 
for concentration analysis. C: Hydrograph for the Brusquet catchment (note 
difference in discharge scale compared to the Laval), with samples collected 
during low flow regime (full symbols) and high flow regime (open symbols). 
D: An example of storm event sampling for the Brusquet, open squares are 
water samples collected for concentration analysis. 
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An additional set of water samples was collected from porewaters in 
colluvium and cold seeps from the Laval catchment using Rhizon pore water 
samplers. A potential contribution from atmospheric Re is explored with 12 
precipitation samples collected at the Laval gauging station, during storm events 
within the studied period (09/2016–09/2018). 
4.3.2 Analytical methods  
4.3.2.1 Solid samples 
All solid samples were freeze-dried on return to Durham, hand or ball milled in 
an agate mill to provide a homogeneous sample, and stored in a clean glass 
container.  
For organic carbon (OC) and stable carbon isotope (δ13C) measurements, 
solid samples were decarbonated by three repeated additions of 1M HCl, followed 
by evaporation of the supernatant at 65 °C (see Chapter 2, Section 2.2.1, p29). The 
OC concentrations (%) and δ13C (‰) measurements were carried out with a 
mass spectrometer connected to an elemental analyzer at Elemtex, Stable Isotope 
Analytical Laboratory, Cornwall, UK. The precision on δ13C measurements was 
determined by repeated measurements of international certified synthetic 
standards IAEA 600 (caffeine) and IAEA CH3 (cellulose). Additionally, 
international certified soil standard NCS-DC73319 was repeatedly measured to 
verify carbonate removal and OC concentration. The OC concentrations were in 
agreement with the certified value (<4%, n=6), as well as the δ13C values 
(0.01-0.04 ‰; n=6). The analytical precision for the δ13C was 0.2 ‰.  
Rhenium (Re) concentrations in solid samples were determined following 
a complete digestion and anion column chemistry protocol after Dellinger et al. 
CHAPTER 4 
Climate and erosion control on rhenium production and mobility 
110 
 
(2020). The Re solutions were measured on a multicollector inductively coupled 
plasma spectrometer (MC-ICP-MS) at Durham University, Department of Earth 
Sciences. A range of different standard reference geological materials were 
digested to validate the method (Chapter 2, Figure 2.3, p36). Agreement between 
our concentration measurements and published data is within 15%, and 
agreement with long-term in-house reproducibility is within 10% (Dellinger et 
al., 2020).  
The solid samples were measured for Ti using flow injection and low 
pressure on-line liquid chromatography coupled to inductively coupled plasma 
mass spectrometer (ICP-MS) at the French National Center for Scientific Research 
(CNRS) Service d'Analyse des Roches et des Minéraux (SARM) following a 
protocol described in Carignan et al. (2001). Eight samples were analyzed for 
total sulfur (S) concentration and δ34S on a costech elemental analyzer coupled 
to a Thermo Fisher Delta V Plus in the Stable Isotope Biogeochemistry Laboratory 
at Durham University, Department of Archeology. Details on this method are 
presented in Chapter 2, Section 2.2.4.2, p39.  
4.3.2.2 Water samples 
Shortly after sample collection, all water samples were filtered using single use, 
sterile 0.22 μm pore size syringe filters (Polyethersulfone, Merck Millipore) into 
a pre-cleaned LDPE bottle that was rinsed with filtered river water. One aliquot 
of 60 ml of filtered water was acidified to ~pH 2 with trace element grade HNO3 
(1M) for cation and trace element analysis, while a 30 ml sample was left un-
acidified for measuring anions. All filtered waters were refrigerated at 4 °C in the 
dark prior to shipping to Durham. 
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Major anion (Cl-, SO42-, NO3-, NO2-, Br-, PO43-, F-) and cation (Li+, Ca2+, Mg2+, 
NH4+, Na+, K+, Sr2+) concentrations were measured on an ion chromatograph 
(Thermo Scientific Dionex ICS 6000) at Durham University, Department of 
Geography. The analytical precision was determined by repeated measurements 
of a certified river water reference standard material (Sangamon – 03). All major 
elements resulted in precision better than 5% (Chapter 2, Figure 2.4, p38). 
Additionally, sample replicates were run during and between each batch, 
resulting in precision better than 1% for Ca2+ and Mg2+, better than 2% for SO42- 
and Na+, and better than 3 % for Cl-. 
A suit of trace elements, including Re, were measured by a direct calibration 
method using an Agilent Technologies 7900 inductively coupled plasma mass 
spectrometer (ICP-MS) at Durham University, Department of Geography. 
Repeated measurements of Ottawa River water reference material (SLRS-5) for 
this study returned an average Re concentration of 64.6±6.1 pmol l-1 (n=6, ± 1SD), 
which is in agreement with long-term in-house measurements (63.0±3.5 pmol l-1; 
n=24, ± 1SD) and values reported in the literature, that is 66±12 pmol l-1 (n=35) 
(Yeghicheyan et al., 2013). Additionally, 10- and 100-times dilutions of the 
SLRS-5 reference material were analyzed, which are closer in Re concentrations 
to the Laval and Brusquet stream water. Measurements on the diluted reference 
materials; 10-times dilution: 6.2±0.7 pmol l-1 (n=6, ±1SD) and 100-times 
dilution: 0.63±0.06 pmol l-1 (n=6, ± 1SD) returned a mean value which is in 
agreement with the long-term in-house measurements. Here we also report 
concentrations of Zn, Al and Mn, which are relevant for the precipitation samples.  
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4.3.3 Computational method for dissolved Re yields  
Until now, dissolved Re yields have been calculated from a relatively limited 
number of samples, applying a straight average (Dalai et al., 2002; Hilton et al., 
2014; Horan et al., 2017; Rahaman et al., 2012), or discharge-weighted average 
approach (Miller et al., 2011). The high temporal sampling resolution of low and 
high flow samples in this study results in a dataset with denser sampling of short-
lived storm events, which is a common feature of many hydrological studies 
(Smakhtin, 2001). The sampling strategy adopted here is well-suited for a mixed 
method of quantifying dissolved ion fluxes, as for example presented in studies 
by Aulenbach and Hooper (2006) and Appling et al. (2015). 
The computational analysis for predicting solute concentrations at non-
sampled periods and flux calculations is provided in Chapter 2, Section 2.3.4, p44. 
Here we give a brief summary for context. First, the main hydrological flow 
regimes (low flow vs. storm events) are defined by the discharge of the lower 
quartile (Q1; <25%) (Smakhtin, 2001), which is <28.5 l s-1 for the Laval and 
<7.2 l s-1 for the Brusquet, and the samples collected during these periods are 
separated accordingly. The water discharge is measured based on a flow-rate 
dependent scheme at the sites (Mathys and Klotz, 2008). To aid data processing, 
these are resampled to a uniform time interval of 5 min. The dissolved Re 
concentrations are modelled for the short 5-min long intervals, accounting for the 
seasonal pattern in concentration of the low flow samples by fitting a cosine and 
sine curve, and seasonal pattern and short-term variability in the storm events 
by fitting a linear interpolation between the samples (Figure S4.1, Supplementary 
materials). 
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The total annual Re yield is calculated as follows in Equation 4.1: 
here K is a conversion factor to take account for the time period (seconds to 
years), Re5min are the Re concentrations modelled for 5 min intervals in pmol l-1, 
a factor 10-12 is used for unit conversion to mol l-1, Q5min are the discharge 
measurements resampled to 5 min time intervals in l s-1, and A is the study 
area (km2). The uncertainty was assessed by propagation of the analytical error 
and by assessing the influence of the sampling frequency on the annual yields by 
randomly selecting 20-100% of the dataset for 10,000 models. 
 Results 
4.4.1 Hydrological and sediment yield measures  
All hydrological and sediment yield measures were obtained from the Draix-
Bléone observatory database (Cambon et al., 2015) for the two observation years 
(09/2016–09/2017 and 09/2017–09/2018). In both catchments, yields are 
lower in the first observation year relative to the second observation year (Table 
4.1). Mean annual precipitation in the Laval is 865 mm yr-1 and 1,157 mm yr-1 
(09/2016–09/2017 and 09/2017–09/2018, respectively) and in the Brusquet is 
757 mm yr-1 and 957 mm yr-1 (10/2016–10/2017 and 10/2017–10/2018, 
respectively). The first observation period was drier and the second observation 
period was wetter compared to the long-term average (850 mm yr-1 in the 
Brusquet and 950 mm yr-1 in the Laval) in both catchments. This annual contrast 
in precipitation translates into differences in annual discharge and runoff 
(normalized to the catchment area) between the two observation years. The 
annual runoff for the 09/2016–09/2017 observation year in the Laval is lower 
 𝐽𝑅𝑒 = 𝐾
𝑅𝑒5𝑚𝑖𝑛 ×10
−12 ×𝑄5𝑚𝑖𝑛
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 
𝐴
  (4.1) 
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(249 mm yr-1), compared to 09/2017–09/2018 period (485 mm yr-1). Less 
pronounced differences are observed in the Brusquet, with annual runoff of 
123 mm yr-1 and 144 mm yr-1 (10/2016–10/2017 and 10/2017–10/2018, 
respectively). 
The total sediment yield (TSY) for the 09/2016–09/2017 period in the 
Laval is 13,166 t km-2 yr-1, which is similar to the long term average 
14,300 t km-2 yr-1 (1988-2016; Carriere et al., 2020). In the 09/2017–09/2018 
period, the TSY in the Laval is 23,456 t km-2 yr-1, which is ~1.6-times higher than 
the long-term average. Of the total yield, ~70 % corresponds to the suspended 
load (8,693 t km-2 yr-1 and 15,829 t km-2 yr-1, 09/2016–09/2017 and 09/2017–
09/2018, respectively) and ~30% to the bed load (4,473 t km-2 yr-1 and 
7,627 t km-2 yr-1, 09/2016–09/2017 and 09/2017-09/2018, respectively). In the 
Brusquet, the long-term TSY is 70 t km-2 yr-1 (Carriere et al., 2020), which is more 
than two-order of magnitude lower compared to the Laval. For the observation 
period, TSY in Brusquet is 51 t km-2 yr-1 and 516 t km-2 yr-1 (10/2016–10/2017 
and 10/2017–10/2018, respectively, respectively). Of the TSY ~90% 
corresponds to the suspended load (45 t km-2 yr-1 and 492 t km-2 yr-1) and ~10 % 
to the bed load (6 t km-2 yr-1 and 24 t km-2 yr-1). The TSY in the 10/2017–10/2018 
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Table 4.1. Hydrological measures from the Laval and Brusquet. Annual 
precipitation (P), discharge (Q), runoff (R), suspended sediment yield (SSY) and 





P Q R SSY BLY 




865 2.53 294 8,693 4,473 
09/2017-
09/2018 




757 1.32 123 45 6 
10/2017-
10/2018 
957 1.55 144 492 24 
4.4.2 Chemical composition of the solid samples 
Geochemical data on all solid samples analyzed in this study can be find in 
Appendix 2. A summary of the total organic carbon, stable carbon isotope and Re 
concentrations is provided in a Table 4.2 below.  
4.4.2.1 Organic carbon and its isotopic composition 
In the Laval catchment, the OC concentrations are between 0.36 % and 0.87 % 
with a mean value of 0.54±0.09 % (±1SD, n=29). We observe no notable 
differences between sample types (surface rock, soil, bed load, suspended load; 
Table 4.2). These concentrations are similar to previously published values of 
between 0.50–0.70 % (Copard et al., 2006; Graz et al., 2012, 2011). The stable 
carbon isotope (δ13C) composition of OC in solid samples from the Laval varies 
between -26.8 ‰ to -25.0 ‰, with a mean value of -25.9±0.5 ‰ (±1SD, n=29), 
similar to the range of values (-27.3 ‰ to -25.8 ‰) reported in Graz et al. (2011).  
In the Brusquet, we observe higher OC concentrations, ranging between 
0.46 % and 1.59 % and a mean value of 0.91±0.33 % (±1SD, n=14) across all 
analyzed solid samples, except surface soils (Table 4.2). This average is similar to 
OC concentrations (0.57–0.89 %) from Graz et al. (2011). The highest OC 
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concentrations are observed in suspended load between 1.07 % and 1.59 %, 
which is in the range of OC in surface soil litters (1.05–1.61 %). The mean δ13C 
value across all samples (except soils) in the Brusquet is -26.4±0.7 ‰ (±1SD, 
n=14), while δ13C in soils is lower (-25.7 ‰). The δ13C values are in agreement 
with mineral soils (-26.2 ‰ to -25.2 ‰) and bedrock samples (-26.7 ‰ 
to -25.7 ‰) from the previous study set in the Brusquet (Graz et al., 2011).   
4.4.2.2 Rhenium concentrations and Re/OC ratios 
In the Laval, Re concentrations in solid samples range between 0.7 ppb and 
5.8 ppb, with a mean value of 2.6±1.0 ppb (±1SD; n=21). The largest variability is 
observed in the surface rocks samples, of between 0.7 ppb and 5.8 ppb, with a 
mean value of 2.9±1.5 ppb (±1SD; n=9). The Re concentrations of the suspended 
load and bed load samples are more similar, ranging between 2.0 ppb and 
2.7 ppb, and a mean value of 2.4±0.1 ppb (±1SD; n=12). A pyrite vein sample 
collected in the Laval catchment has a Re concentration of 3.2 ppb, similar to the 
upper range of Re concentrations measured on surface rock samples (Table 4.2).  
In the Brusquet, Re concentrations in solid samples are lower than those 
in the Laval, with a range of values between 0.4 ppb and 3.4 ppb and a mean value 
of 1.4±0.6 ppb (±1SD; n=21). Again, the largest variability in Re concentration is 
observed in surface rock samples, with a range of values between 0.4 ppb and 
1.7 ppb and a mean value of 1.1±0.5 ppb (±1SD; n=6).  Re concentrations in bed 
load are ranging between 1.1 ppb and 3.4 ppb and have a mean value of 
1.7±0.8 ppb (±1SD; n=8).  Suspended load samples are within the range of the 
bed load (1.3 ppb to 1.8 ppb; n=3).  
In the context of published measurements of Re concentrations in 
sedimentary rocks, the values in Draix are higher than Re concentrations 
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measured in Silurian Rose Hill Shale (0.2±0.1 ppb, n=9, ±1SD) from the SSHCZO 
(Chapter 3), and similar to bed load sediments from Taiwan (0.6–1.0 ppb, 
Hilton et al., 2014), and from the Mackenzie river system (0.7–4.4 ppb, Horan et 
al., 2019).  
 
The solid samples (excluding soils) collected in the Laval catchment have 
Re/OC ratios between 1.1×10-7 g g-1 and 10×10-7 g g-1 and a mean value of 
4.6±2.0×10-7 g g-1 (±1SD, n=16; Figure 4.3). The mean Re/OC is similar to bed load 
sediments in mountainous catchments of Taiwan (2.6–4.6×10-7 g g-1; Hilton et al., 
2014) and the bed load samples and rocks from the Mackenzie river basin 
(3.3 – 6.3×10-7 g g-1; Horan et al., 2019). The solid samples from the Brusquet 
(excluding soils) have notably lower Re/OC ratios compared to the Laval, with a 
Re/OC ratio of between 0.66×10-7 g g-1 and 3.4×10-7 g g-1, with a mean of 
1.5±0.8×10-7 g g-1 (± 1SD, n=12). These Re/OC ratios are similar to OC-rich 
Toarcian shales sampled in coastal outcrops in the UK, with a mean value of 
1.8±0.9×10-7 g g-1 (Cohen et al., 1999).  
 
Figure 4.3: Variability in Re/OC ratios across different sedimentary 
environments in Draix-Bléone CZO. Solid samples collected in the Laval 
(hexagons, grey edge) and Brusquet catchments (diamonds, green edge). P1 is 
profile 1 and P2 is profile 2 in Figure 4.1.  
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4.4.2.3 Weathering profiles 
The two regolith profiles sampled in the Brusquet display an increase in OC 
concentration towards the surface, from 0.47 % to 1.05 % in the profile 1 and 
from 0.65 % to 1.61 % in the profile 2 (Appendix 2). The δ13C values of samples 
range between -25.4 ‰ and -26.8 ‰ and between -24.8 ‰ and -26.6 ‰ in 
profile 1 and 2, respectively.  
The OC and Re concentrations were normalized to titanium (Ti), to 
examine elemental loss or gain during chemical weathering (Chapter 3). The 
increase in OC/Ti, and decrease in δ13C values near the top of the profile 1 suggest 
inputs of modern OC from plant litter and roots (Figure 4.4), In contrast, Re/Ti 
ratio show a decrease towards the surface, which may be attributed to a Re loss 
during chemical weathering.  
 
 
Figure 4.4. Weathering profiles sampled in the Brusquet catchment. 
Increase in OC/Ti ratio and decrease in δ13C may indicate a contribution of 
modern OC in the surface layers. Small variability in Re/Ti ratio in the surface 
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Table 4.2: Elemental concentrations on solid samples from Draix-Bléone CZO. Averages of organic carbon (OC, %), stable 
carbon isotope ratio (δ13C, ‰) and rhenium concentration (Re, ppb). The concentrations were measured on the solid samples 
collected from the Laval and Brusquet catchments. For concentration data on each sample see Appendix 2. * Soil samples are not 
included in the average. 
Sample Type Catchment OC (%) δ13C (‰) Re (ppb) 
n Min Max Mean 1SD n Min Max Mean 1SD n Min Max Mean 1SD 
Surface rocks Laval 18 0.47 0.87 0.57 0.09 18 -26.5 -25.0 -25.7 0.5 9 0.7 5.8 2.9 1.5 
Bed load 4 0.36 0.60 0.48 0.10 4 -26.7 -25.4 -26.2 0.6 4 2.0 2.5 2.2 0.2 
Suspended load 7 0.28 0.59 0.51 0.11 7 -26.8 -25.7 -26.1 0.5 8 2.2 2.7 2.5 0.2 
Soil 1 - - 0.41 - 1 - - -25.7 - 1 - - 3.2 - 
Pyrite vein - - - - - - - - - - 1 - - 3.2 - 
Average*  29 - - 0.54 0.1 29 - - -25.9 0.5 21 - - 2.6 1.0 
Profile 1 Brusquet 3 0.46 0.70 0.58 0.12 3 -26.8 -25.4 -26.2 0.7 3 0.6 1.6 1.0 0.5 
Profile 2 3 0.65 1.07 0.82 0.22 3 -26.7 -24.8 -25.9 0.9 3 0.4 1.7 1.1 0.6 
Bed load 4 0.56 1.14 0.83 0.24 4 -27.0 -25.9 -26.5 0.5 8 1.1 3.4 1.7 0.8 
Suspended load 4 1.07 1.59 1.29 0.22 4 -27.2 -26.8 -26.9 0.2 7 1.3 1.8 1.4 0.2 
Soil (Profile 1 and 2) 2 1.05 1.61 1.33 0.39 2 -26.5 -24.9 -25.7 1.2 2 0.9 1.1 1.0 0.2 
Secondary evaporite 1 - - 0.27 - 1 - - -25.4 - 1 - - 0.3 - 
Average*  14 - - 0.91 0.33 14 - - -26.4 0.7 21 - - 1.4 0.6 
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4.4.3 Dissolved load chemistry   
Geochemical data on all water samples analyzed in this study can be find in 
Appendix 3. 
4.4.3.1 Stream water chemistry 
Both catchments are highly concentrated in stream solutes (Figure 4.5). In the 
Laval, the anions are dominated by SO42-, with a mean value of 7.6±4.2 mmol l-1 
(all Laval stream waters: ±1SD; n=91; unless otherwise stated). For the cations, 
concentrations of Mg2+ (3.5±1.7 mmol l-1) and Ca2+ (3.4±1.6 mmol l-1) are similar, 
while Na+ concentrations are lower (2.6±3.5 mmol l-1). In comparison, in the 
Brusquet all major ion concentrations are lower in than in the Laval (Figure 4.5). 
Stream water samples from the Brusquet display mean SO42- of 2.9±1.5 mmol l-1 
(all Brusquet stream waters: ±1SD; n=50; unless otherwise stated), Mg2+ of 
2.2±1.0 mmol l-1, and Ca2+ of 2.4±1.0 mmol l-1, while the Na+ concentrations are 
much lower, at 0.3±0.4 mmol l-1. The new measurements from the Laval show 
values in general agreement with previous studies (Cras et al., 2007; Marc et al., 
2017); however, our study has an extended coverage of low flow samples and 
captures a notable seasonal variability of major dissolved ion concentrations 
(Figure 4.5). In both catchments, samples collected during the low flow regime 
(Figure 4.5, full symbols) display higher concentrations in all major elements, 
compared to more diluted storm waters (Figure 4.5, open symbols).  
A large range of dissolved Re concentration is observed for the sampling 
period in the Laval, between 0.97 pmol l-1 to 41.2 pmol l-1, and a mean value of 
7.3±8.0 pmol l-1 (±1SD; n=87). In contrast to major ions, Re concentrations are 
the highest during high flow regimes, with a mean value of 8.8±8.9 pmol l-1 
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(±1SD; n=64), and lowest during low flow conditions, with a mean value of 
3.2±1.9 pmol l-1 (±1SD; n=23). Additionally, Re displays a seasonal variability 
within the high flow storm-event data. The highest Re concentrations were 
measured in the summer months (June, July, August), between 5.4 pmol l-1 and 
22.2 pmol l-1, and a mean value of 14.7±5.8 pmol l-1 (n=10; ±1SD). Opposite, storm 
events sampled in the winter months (December, January, February) range from 
1.6 pmol l-1 and 5.3 pmol l-1 with a mean value of 3.1±1.2 pmol l-1 (n=11; ±1SD). 
In the Brusquet, dissolved Re concentrations are lower and there is less 
variability compared to the Laval. The mean Re concentration over the sampling 
period is 2.5±3.4 pmol l-1 (±1SD; n=50). Again, the highest Re concentrations are 
measured during high flow regimes, with a mean value of 3.2±3.9 pmol l-1 (±1SD; 
n=34) and the lowest during the low flow conditions, with a mean value of 
0.8±0.4 pmol l-1 (±1SD; n=15). An interesting outlier was measured during a large 
storm event occurring in August 2018 (Figure 4.5), during which the Re 
concentration in stream water reached 22.5 pmol l-1, which is ~10-times higher 
compared to the Brusquet-mean and in range of Re concentrations in the Laval. 
The Re concentrations measured in these two small catchments fall within the 
range reported for global rivers of 4.7±0.2 pmol l-1 to 25.4±1.2 pmol l-1 
(Colodner et al., 1993; Dalai et al., 2002; Hilton et al., 2014; Miller et al., 2011).   
4.4.3.2 Porewater and seep chemistry    
The chemistry of porewater and samples is reported in Table S4.1 
(Supplementary materials). The most pronounced difference between the two 
water types is in Cl- and Na+ concentrations, which are lower in porewaters 
(Cl=0.025±0.003 mmol l-1 and Na=0.073±0.03 mmol l-1), compared to the seeps 
(Cl=1.7±1.3 mmol l-1 and Na=4.9±4.9 mmol l-1. Rhenium concentrations in these 
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samples are within the lower range of stream water samples (1.2 – 7.9 ppb). 
 
 
Figure 4.5. Stream water chemistry. Major ions and Re concentrations on 
samples collected between September 2016 and September 2018 in the Laval 
(left) and between October 2016 and October 2018 in the Brusquet (right). 
Full symbols represent samples collected during low flow regime. Empty 
symbols represent samples collected during high flow regime. Orange shading 
marks meteorological summer (01/June–31/August).  
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Table 4.3. Dissolved load chemistry for the Laval and Brusquet. Summary of raw stream water chemistry measurements over the 
observation period and across different hydrological regimes (low flow, high flow). Mean concentration values of precipitation, seep and 





Cl- (mmol) SO42- (mmol) Na+ (mmol) Mg2+ (mmol) Ca2+ (mmol) 
n 
Re (pmol) 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
Laval 
All samples 91 0.29 0.37 7.6 4.2 2.6 2.1 3.5 1.7 3.4 1.6 87 7.3 8.0 
2016-2017 
Complete 59 0.37 0.42 8.4 4.6 3.0 2.4 3.8 1.8 3.7 1.8 59 8.1 9.1 
Low flow 18 0.81 0.44 12.1 2.7 5.8 1.5 5.6 1.2 4.8 1.0 18 3.0 1.9 
High flow 41 0.18 0.24 6.8 4.4 1.8 1.5 3.0 1.3 3.3 1.9 41 10.3 10.2 
2017-2018 
Complete 32 0.14 0.15 5.9 2.7 1.7 1.2 2.9 1.3 2.8 1.0 28 5.7 4.4 
Low flow 5 0.37 0.16 10.1 0.6 4.0 0.3 4.7 0.3 4.2 0.1 5 3.8 2.0 
High flow 27 0.10 0.10 5.1 2.2 1.3 0.8 2.6 1.1 2.6 0.9 23 6.1 4.7 
 
Brusquet 
All samples 50 0.05 0.05 2.9 1.5 0.3 0.4 2.2 1.0 2.4 1.0 50 2.5 3.4 
2016-2017 
Complete 32 0.05 0.06 3.0 1.4 0.3 0.5 2.2 1.0 2.5 0.9 32 1.9 1.3 
Low flow 10 0.08 0.10 4.5 0.7 0.6 0.8 3.1 0.9 3.4 0.7 10 1.3 1.7 
High flow 22 0.03 0.01 2.2 0.9 0.2 0.1 1.8 0.7 1.9 0.6 22 2.1 1.0 
2017-2018 
Complete 18 0.05 0.02 2.9 1.7 0.2 0.1 2.1 1.1 2.3 1.1 18 3.7 5.3 
Low flow 4 0.05 0.00 5.0 0.5 0.4 0.04 3.4 0.2 3.7 0.1 4 0.7 0.4 
High flow 14 0.04 0.03 2.4 1.4 0.2 0.1 1.7 1.0 2.0 0.9 14 4.5 5.8 
 
Precipitation 12 0.013 0.006 0.021 0.016 0.030 0.029 0.014 0.007 0.063 0.043 12 0.4 0.3 
Seep 3 1.7 1.4 10.3 1.8 4.9 4.9 3.4 1 3.3 1.1 2 4.8 4.2 
Porewater 3 0.024 0.003 7.5 3.5 0.07 0.03 4.4 1.5 3.8 1.8 3 2.1 0.8 
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4.4.3.3 Precipitation chemistry  
Precipitation samples have lower major ion concentrations than stream waters 
in both catchments (Table 4.3, Table S4.2, Supplementary material). Rhenium 
concentrations in the precipitation samples show a variation between 
<0.03 pmol l-1 and 1.12 pmol l-1, with a mean value of 0.36±0.32 pmol l-1 (n=12, 
±1SD). The lowest concentrations (below the detection limit of 0.03 pmol l-1) are 
similar to low concentrations found in rain from the Western Southern Alps, New 
Zealand (Re<0.02 pmol l-1; Horan et al., 2017). However, the higher Re 
concentrations presented here are similar to the concentrations measured in the 
Shale Hills catchment (Pennsylvania, US; Chapter 3) and samples from the US 
American east coast (Miller et al., 2011), where high Re concentrations were 
attributed to anthropogenic inputs. The Draix-Bléone CZO is located in the rural 
French Alps, where contemporary anthropogenic inputs are thought to be 
minimal. Larger industrial areas are situated ~200 km north in the valley of 
Grenoble (Guédron et al., 2016) and ~200 km south, where large cities as 
Marseille and Nice are situated.   
To provide additional constraint, we use the chemistry of precipitation 
water and atmospheric dust from the observation station “Le Casset”, which is 
located in the vicinity of Grenoble. Long term (2002-2018) precipitation 
chemistry is available at this station (EBAS, 2017). Trace element ratios of 
atmospheric dust collected between 2011 and 2013 are available from the same 
site (Fu et al., 2017). There are notable differences between Na/Cl ratios of 
rainwater from the Laval (0.52–5.8, n=12) compared to the “Le Casset” station 
(0.15–0.50, n=195). For reference, evaporation of seawater is expected to 
produce rainwater with a Na/Cl ratio of ~0.85 (West et al., 2002). Thus, some 
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precipitation samples from Laval display an enrichment in Na+ (Figure 4.6A), 
indicating a potentially non-cyclic origin of rainwaters in the Laval.  
Trace metals measured in atmospheric dust at “Le Casset” show elevated 
Zn/Al and Mn/Al ratios compared to rain water samples collected in the Shale 
Hills (Chapter 3) or New Zealand (Horan et al., 2017) (Figure 4.6B). The 
precipitation samples from the Laval have a slightly higher Zn/Al ratio compared 
to the atmospheric dust samples from the “Le Casset”, implying contamination of 
the rainwater samples by atmospheric dust.  
 
Here, we suggest that some precipitation samples might have been 
contaminated by atmospheric dust and therefore, the following assumption is 
made: precipitation samples with Na/Cl ratio <1 (broadly reflecting the Na/Cl 
ratio of seawater) and Re concentration <0.4 pmol l-1 (Figure 4.6A) are the least 
compromised samples by local dust contamination.  These samples are used for 
estimation of Re inputs through the atmosphere and to correct major elements 
for the atmospheric deposition as presented in Chapter 5, Section 5.4.3, p174. 
 
Figure 4.6: Precipitation chemistry. A: The SO4/Cl versus Na/Cl ratios in 
precipitation samples from the Le Casset station (grey) and the Laval (color-
coded by Re concentration: red – high, blue - low). B: Trace elements measured 
in precipitation samples in the Laval (colored samples), New Zealand (grey), 
Shale Hills (black) and atmospheric dust particles at Le Casset (square, Fu et 
al., 2017).  
CHAPTER 4 
Climate and erosion control on rhenium production and mobility 
126 
 
4.4.4 Annual Re yields 
The annual dissolved Re yields in the Laval are 11.0±0.6×10-4 mol km-2 yr-1 and 
21.0±5.7×10-4 mol km-2 yr-1 for the 09/2016–09/2017 and the 09/2017–
09/2018 observation period, respectively. In the Brusquet, annual dissolved Re 
yields are 2.2±0.2×10-4 mol km-2 yr-1 and 4.5±2.0×10-4 mol km-2 yr-1 for the 
10/2016–10/2017 and the 10/2017–10/2018 observation period, respectively 
(Table 4.4). 
Rhenium inputs through the atmosphere are estimated from the mean Re 
concentration of precipitation samples with Na/Cl ratio <1 (0.23±0.11 pmol l-1; 
n=3 ±1SD) multiplied by precipitation measurements (Table 4.1). In the Laval, 
atmospheric Re input is 2.0±1.0×10-4 mol km-2 yr-1 (09/2016–09/2017) and 
2.7±1.3×10-4 mol km-2 yr-1 (09/2017–09/2018). In the Brusquet, the 
atmospheric Re flux is 1.7±0.8×10-4 mol km-2 yr-1 (10/2016–10/2017) and 
2.2±1.1×10-4 mol km-2 yr-1 (10/2017–10/2018) (Table 4.4). 
Solid Re export is estimated using the annual suspended and bed load yields 
(Table 4.1) and Re concentrations measured in suspended and bed load (Table 
4.2). In the Laval, the Re export through the suspended sediment load is 
1,150×10-4 mol km-2 yr-1 and 2,093×10-4 mol km-2 yr-1, for the 09/2016–09/2017 
and the 09/2017–09/2018 observation period, respectively, which is approx. 
two orders of magnitude larger compared to the Re yield thorough the dissolved 
load (Table 4.4). In the Brusquet, the Re export in suspended sediment is 
3.5×10-4 mol km-2 yr-1 and 37.9×10-4 mol km-2 yr-1 for the 10/2016–10/2017 and 
the 10/2017–10/2018 observation period, respectively. Rhenium export 
through suspended sediment equals that of the dissolved load for the first 
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observation year. However, in the second year, the Re export through suspended 
sediment is ~10-times higher compared to the dissolved load (Table 4.4). 
Table 4.4. Annual rhenium yields for the Laval and Brusquet. Abbreviations: 






Dissolved Atmosphere SL BL 




Complete 11.0 ± 0.6 2.0 ± 1.1 1,150 523 
High flow 8.9 ± 0.6 - - - 
Low flow 2.2 ± 0.2 - - - 
11/09/2017-
10/09/2018 
Complete 21.0 ± 5.7 2.7 ± 1.3 2,093 892 
High flow 16.3 ± 1.3 - - - 




Complete 2.2 ± 0.2 1.7 ± 0.8 3.5 0.5 
High flow 2.0 ± 0.2 - - - 
Low flow 0.2 ± 0.1 - - - 
14/10/2017-
13/10/2018 
Complete 4.5 ± 2.0 2.2 ± 1.1 37.9 2.2 
High flow 4.0 ± 1.2 - - - 
Low flow 0.5 ± 0.1 - - - 
 
 Discussion 
The production and mobilization of Re during weathering, and its delivery to the 
dissolved load of rivers (Colodner et al., 1993; Miller et al., 2011) has provided a 
proxy for oxidative weathering (Dalai et al., 2002; Hilton et al., 2014; Horan et al., 
2017). Of particular interest is the link between the mobilization of Re and the 
oxidation of OCpetro (Jaffe et al., 2002; Chapter 3), and the inference that dissolved 
Re can thus be used to explore the patterns and rates of OCpetro oxidation (Hilton 
et al., 2014; Horan et al., 2017). Here we explore the production, source and flux 
of dissolved Re in two paired catchments, which drain similar marl and shale 
bedrocks, but contrast largely in their relative erosion rates. Firstly, we explore 
the association of Re and OCpetro in solid samples, the evidence for their mobility 
during weathering, and we quantify the source of Re to the dissolved load. We 
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then seek to explain the distinct seasonal variability of dissolved Re 
concentrations (Figure 4.5) to provide improved understanding on the 
production and mobilization of Re during weathering. In combination with the 
dissolved Re yield, and estimated CO2 release from OCpetro oxidation, the paired 
catchment study provides new insight on the roles of supply-limitation versus 
kinetic limitation for oxidative weathering across river catchments.   
4.5.1 Limited weathering signal in solid samples 
The high physical erosion rates in the Laval catchment result in a pervasive gully 
morphology with steep slopes that are often bare of vegetation and soil (Mathys 
and Klotz, 2008). While the Brusquet catchment has a lower catchment-average 
sediment yield (Table 4.1), ~13 % of the catchment represent exposed bedrocks 
and erosion rates can be high on these steep slopes. The rapid erosion limits the 
time that material resides in the near-surface weathering zone. The total 
sediment yield of 18,306 t km-2 yr-1 (averaged between the two years) in the Laval 
(Table 4.1) equates to an erosion rate of ~9 mm yr-1 (for a ρ = 2 t m-3). Given the 
regolith thickness of ~10 cm (Maquaire et al., 2003; Mathys and Klotz, 2008), this 
material thus resides in the catchment for only a decade. The chemical 
weathering signal of the regolith is thus expected to be uncommon, compared to 
sites with low denudation (e.g. Chapter 3 and Petsch et al., 2000). Indeed, this is 
supported by the observation that the river suspended sediments, bed loads and 
surface rock samples are indistinguishable in terms of their relative abundance 
of Re (Figure 4.3), and supports previous work where very high mechanical 
erosion exports large amounts of sediment with minor evidence for weathering 
(Graz et al., 2012).  
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On steep sections of exposed shale in the Brusquet catchment, we also find 
no clear evidence for significant weathered material in the landscape. In two 
regolith profiles sampled at a track cut (Figure 4.1) we observe a decrease in 
Re/Ti ratios in the upper three samples (Figure 4.4), which could indicate 
oxidation of Re-bearing phases, implying loss of Re to stream water. In addition, 
there is evidence for negligible Re enrichment in the near surface, suggesting 
minor net contributions from atmospheric deposition. However, the Re/Ti ratios 
in the bottom-most sample of both profiles is lowest. This could result from 
lithological heterogeneity within the marl, which has cm-scale bedding of OC-rich 
mud-sediments and Ca/Mg-carbonates (Antoine et al., 1995), making it difficult 
to  definitively track loss of Re in these profiles. Alternatively, it could reflect 
partial leaching of Re produced during oxidative weathering, and accumulation 
in parts of the weathering profile, where it may be flushed by water, and/or 
mobilized as part of the suspended load (see also Section 4.5.4).  
The solid samples, while showing only minimal evidence for weathering 
loss due to the high erosion rates, do provide insight on the source and host phase 
of Re. The mean Re/OC ratio in bed load samples from the Laval at 
4.1±0.3×10-7 g g-1 is higher than the Brusquet at 1.6±0.2×10-7 g g-1. The contrast 
is likely to reflect the depositional environment at time of burial (Colodner et al., 
1993; Sheen et al., 2018), e.g. during the deposition of Toarcian black marls in the 
Brusquet, compared to the Callovo-Oxfordian marls in the Laval. The Re/OC 
ratios in the Laval and Brusquet are consistent with ratios measured in other 
sedimentary rocks (Figure 4.3), which could suggest a common host and role of 
OCpetro. However, dispersed sedimentary pyrite is also common in the marl 
bedrock here (Graz et al., 2012), and may contain similar amount of Re as in 
CHAPTER 4 
Climate and erosion control on rhenium production and mobility 
130 
 
OCpetro (Miller et al., 2011). To estimate the quantity of Re hosted in sulfide 
minerals, we use the pyrite vein sample from the Laval which has Re/S ratio of 
3.25×10-3 pmol μmol-1. If we assume that all sulfur in the bed load is derived from 
sulfides, then the S concentration of 50,472 μmol kg-1 would result in a Re 
concentration of 164 pmol kg-1. This is ~1.4% of the Re concentration in bed load, 
suggesting a negligible contribution of Re from sulfides. Further constraint could 
come from sequential extractions to isolate the sulfide fractions (Matamoros-
Veloza et al., 2011; Newton et al., 1995). Here we will turn to the stream water to 
further explore the source of dissolved Re. 
4.5.2 Source of dissolved Re from sulfides and OCpetro 
Previous work has established that in catchments with moderate to high rates of 
denudation, the main source of Re to the dissolved load of rivers is rock 
weathering (Colodner et al., 1995; Miller et al., 2011) and that Re is enriched in 
OC-rich sedimentary rocks (Colodner et al., 1993; Dalai et al., 2002; Georgiev et 
al., 2012; Horan et al., 2019). However, the role of OCpetro versus sulfide minerals 
as the host of Re remain poorly constrained in most settings (Miller et al., 2011). 
Sulfides form under anoxic environments during organic matter preservation 
and when they are exposed to the near-surface, the reaction kinetics of sulfide 
minerals are often faster than oxidation of OCpetro (Chapter 3, Bolton et al., 2006; 
Jaffe et al., 2002). Previous work has used ratios of dissolved ions to identify Re 
contributions from OCpetro and sulfide minerals, in addition to their potential 
input from silicates (Dalai et al., 2002; Horan et al., 2019). The Laval and Brusquet 
catchments provide a case study where sulfide content (Graz et al., 2011) and 
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sulfide oxidation rates (Chapter 5) are both high, allowing us to explore the role 
of sulfides in the supply of Re to streams and rivers.  
Here we adopt a mixing model approach which uses Re/Na and Re/SO4 
ratios (Horan et al. 2019) to explore and quantify the sources of Re to the 
dissolved load. Generally, silicate minerals are Re poor and have a low Re/Na 
ratio. Horan et al. (2019) defined the silicate end-member with Re/Na ratios 
between 2×10-3 and 4×10-2 based on a range of measurements of mafic rock 
samples and Icelandic rivers draining basalts. In this study, we use improved 
constraint on a felsic end-member, which is likely to be more representative in 
most clastic sediments, using a lower Re/Na range (2.4×10-4 – 2.2×10-3; Table 4.5 
and Figure 4.7) as a silicate end-member, based on a Re/Na ratio in Himalayan 
crystalline rocks (2.4×10-4; Dalai et al., 2002) and new insights from plagioclase 
feldspar (anorthosite) and rivers draining granite catchments in the Andes 
(Dellinger et al., In prep.). 
The sulfide end-member is defined locally, due to high rates of pyrite 
oxidation occurring in these catchments (Chapter 5). Samples collected at low 
flow have extremely high SO42- concentrations, ranging between 6.1 mmol l-1 and 
16.3 mmol l-1 in the Laval and between 3.6 mmol l-1 and 5.3 mmol l-1 in the 
Brusquet. These low flow samples are characterized by lower Re concentrations, 
between 1.0 pmol l-1 and 6.9 pmol l-1 in the Laval, and between 0.4 pmol l-1 and 
2.0 pmol l-1 in the Brusquet. The resulting Re/SO4 ratios during low flow are 
between 9.1×10-5 pmol μmol-1 and 7.1×10-4 pmol μmol-1 in the Laval, and between 
9.3×10-5 pmol μmol-1 and 5.6×10-4 pmol μmol-1 in the Brusquet (Table 4.5; Figure 
4.7A). These inferred end-members are supported by seep and porewater 
samples collected in the Laval, which have Re/SO4 ratios as low as 
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3.1 ± 2.1×10-4 pmol μmol-1 (±1SD n=4), within the range of the low flow samples. 
The low flow and seep samples from Draix are in the same location of the mixing 
domain (low Re/SO4 and low Re/Na – Figure 4.7) as the sulfide end-member 
suggested by Horan et al. (2019), but is now much better constrained. In terms of 
assigning an end-member, this can be based on the median Re/SO4 value of low 
flow samples or the minimum Re/SO4 across the sample set. The former is likely 
to provide a minimum estimate of the proportion of Re from OCpetro. The latter 
recognizes that OCpetro oxidation appears to be occurring across all seasons 
(Soulet et al., 2021).  
Table 4.5. The end-members for determining the Re source. For the sulfide 
end-member, two approaches are tested: Method 1 using the median Re/SO4 
ratio of all low flow samples and Method 2 using the minimum Re/SO4 ratio of all 
low flow samples. See text for details.  



























Laval 1 29 9.1 × 10-5 7.1 × 10-4 2.3 × 10-4 1.4 × 10-4 
Laval 2 1 9.1 × 10-5 - - - 
Brusquet 1 16 9.3 × 10-5 5.6 × 10-4 1.6 × 10-4 1.1 × 10-4 
Brusquet 2 1 9.3 × 10-5 - - - 
 
To quantify the relative contribution of mineralogical Re sources for each 
water sample, we use the following assumptions: i) Na+ in stream water is derived 
from weathering of silicate minerals and atmospheric deposition, ii) SO42- in 
stream water is derived from weathering of sulfide minerals and atmospheric 
deposition, and iii) measured dissolved Re concentration in stream water is 
derived from weathering of silicate, sulfide and OCpetro minerals. The standard 
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 ×  𝑆𝑂4
∗ 
(4.3) 
 𝑅𝑒𝑂𝐶 = 𝑅𝑒𝑡𝑜𝑡 − 𝑅𝑒𝑠𝑖𝑙 − 𝑅𝑒𝑆 (4.4) 
where “sil”, “S”, “OC” and “tot” refer to silicate, sulfide, OCpetro and total 
concentrations and ratios, and Na* and SO4* were corrected for atmospheric 
inputs. Uncertainties were assessed by running 10,000 simulations, accounting 
for the spread of the silicate and sulfide end-member ratios. The values were 
varied across normal probability density function with the observed standard 
deviations and the median value (Table 4.5). The mean value of all 10,000 
computed models ±1SD is reported as the final value of Re proportion from 
different sources on each sample. The two choices of sulfide end-member 
(median value vs. minimum value) return ReOC mean values (Equation 4.4) within 
uncertainty of each other (Table S4.3, Supplementary materials). Results 
obtained from the first method are used to provide a conservative estimate for 
the rest of the discussion.  
The mixing analysis returns the absolute concentration of ReOC 
(Equation 4.4) and ReS (Equation 4.3) to the dissolved Re load for each sample. In 
the Laval, the mean proportion of ReOC in Retot (concentration) is 41±25 % 
(n=87, ±1SD), while it is 57±34 % (n=50, ±1SD) in the Brusquet. The large 
variability around the mean proportion of ReOC in both catchments may be 
explained by seasonality (Figure 4.7B) in climate factors, such as temperature 
and runoff as discussed in the following.   
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4.5.2.1 Decoupling of OCpetro and sulfide weathering  
To investigate the variability in the Re source we first explore the discharge 
versus proportion of ReOC (%) and ReS (%) for the Laval and Brusquet (Figure 
4.8). In both catchments the ReOC dominates the Re export (up to 100% in Figure 
4.8A and B) at high discharges. In contrast, at low discharges (<102 l s-1 in the 
Laval and <101 l s-1 in the Brusquet) the export of ReS presents a more important 
contribution, up to ~40% in the Laval and up to ~60% in the Brusquet (Figure 
4.8C and D). This observation may suggest a decoupling of the OCpetro and sulfide 
weathering fronts in the studied catchments. The dominance of ReOC during the 
high flow regime implies that the OCpetro weathering front is located closer to the 
surface, while the sulfide oxidation extends deeper in the subsurface. Such a 
decoupling of weathering has been observed in several other studies (Chapter 3, 
 
Figure 4.7: Mixing model for dissolved Re source partition. A: Locally 
defined sulfide end-member (low flow samples, porewaters, seep). B: Time 
series stream water samples collected in the Laval (circles) and the Brusquet 
(squares), color-coded by collection day in a calendar year. The model is 
adopted from Horan et al. (2019). 
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Jaffe et al., 2002) and is attributed to faster oxidation kinetics of sulfide minerals 
compared to OCpetro oxidation (Bolton et al., 2006; Williamson and Rimstidt, 
1994).  
 
Furthermore, we observe seasonal patterns in the relative proportion of 
ReOC and ReS during the high flow regime (>102 l s-1 in the Laval, >101 l s-1 in the 
Brusquet) in both catchments (Figure 4.8). The relative proportion of ReOC during 
the winter and spring months is between ~20% and ~50%, while in summer and 
 
Figure 4.8: Discharge dependency on the relative proportions of Re 
associated to OCpetro (ReOC, %) and S (ReS, %). A and C: The Laval catchment. 
B and D: The Brusquet catchment. Samples are color-coded based on a 
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autumn months the ReOC contribution can reach up to 100% in both catchments. 
To answer the question what is causing these higher relative proportions of ReOC 
in a summer and autumn seasons, and lower relative proportions of ReOC in a 
winter and spring seasons (both with similar ranges in discharge) we must 
consider: i) the production of oxidized Re in the weathering zone; and ii) the 
mobilization of the produced Re during flood events. 
4.5.3 Climate and erosion control on Re production and mobilization   
4.5.3.1 Temperature control on Re production in the Laval  
In the Laval catchment, the dissolved Re concentrations during flood events show 
a striking seasonality (Figure 4.9). The absolute Re concentration varies 
profoundly in the 09/2016–09/2017 observation period, with the highest 
concentrations of 37.1±4.6 pmol l-1 (11/09/16; n=3; ±1SD) measured during a 
September flood event, and the lowest concentrations of 2.0±0.4 pmol l-1 
(05/02/17; n=4; ±1SD) measured during a February flood event. This pattern is 
repeated in the 09/2017–09/2018 observation period, with the highest 
concentrations of 16.2±3.3 pmol l-1 (04/08/18; n=3; ±1SD) measured in a storm 
event in August, and the lowest concentrations of 3.2±0.3 pmol l-1 (11/03/18; 
n=4; ±1SD) measured in a March flood event (Figure S4.2, Supplementary 
materials). During high flow events, Re concentrations show minimal dilution 
and a chemostatic behavior with increasing discharge (Figure 4.9). For example, 
the steepest negative slopes (b coefficient in a power law: y=a×xb) are observed 
in September 2016 flood events (slope11/09/2016 = -0.26, slope12/09/2016 = -0.18), 
while all the following events (i.e. winter, spring, summer) exhibit positive slopes 
between +0.04 and +0.13 (Figure 4.9). This behavior contrasts with all major ions 
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that are increasingly diluted during high flow (Chapter 5, Figure 5.3, p177) and 
show no flood-event scale variability.  
 
In summer, higher temperatures may govern the OCpetro oxidation through 
increased kinetics reactions and microbial activity (Hemingway et al., 2018; 
Kump et al., 2000; Petsch et al., 2000). Direct measurements of CO2 emissions in 
the shallow weathering zone of the Laval catchment (Soulet et al., 2021) suggest 
that OCpetro oxidation rates are highest in the summer months. In the absence of 
continuous flushing of the weathering zone by water, this could lead to an 
 
Figure 4.9: Inter-annual seasonal variability in Re concentrations within 
high flow event samples in the Laval. Samples for the first observation period: 
09/2016 – 09/2017 are shown. Each storm event is color-coded by the sampling 
date. Lines represent a power law fit through a single storm event. A: Total Re 
concentration (ReTotal) and B: Re associated to OCpetro (ReOC). Seasonal variability 
for the second year (09/2017–09/2018) shows a similar trend and is shown in 
the Supplementary material, Figure S4.2.   
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accumulation of oxidized Re in the shallow, near-surface weathering zone. During 
a subsequent intense rainfall event, rapid surface runoff would then mobilize 
these weathering products and export them from the catchment to the stream. In 
the winter months, colder temperatures seem to be related to a reduction of 
OCpetro oxidation rates (Soulet et al., 2021) and thus Re production. Any 
subsequent high flow event would therefore produce water with lower Re 
concentration.  
To investigate the temperature correlation with the reaction kinetics of Re 
production we study ReOC concentrations measured at low flow regime and air 
temperatures (T) averaged over 7-and 30-days before the sample collection 
(Figure 4.10). The ReOC concentrations in the low flow samples provide a metric 
for Re production from OCpetro oxidation in the weathering zone, with 
hydrological conditions more similar between samples. We model the 
relationship by fitting an exponential growth model, y=y0×exp(αT) in Figure 4.10, 
with correlation coefficients (r2) of 0.49 (7-days T average) and 0.52 (30-days T 
average) and a growth coefficient (α) of 0.08±0.02 (7-days T average) and 
0.1±0.02 (30-days T average). The positive correlation is also observed when 
temperature is plotted against total Re concentrations, with r2 of 0.59 (7-days T 
average) and 0.55 (30-days T average). The good correlation between the short 
(7-days) T interval and longer (30-days) T interval and ReOC concentrations 
(Figure 4.10) suggests that reaction kinetics of OCpetro oxidation is sensitive to 
short-term as well as long-term (seasonal) temperature changes.  
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These results can be directly compared to the measured CO2 fluxes from a 
marl outcrop in the Laval (Soulet et al., 2021), where the positive correlation 
between the CO2 release partitioned for OCpetro source with temperature is 
described with a similar exponential growth model (r2=0.44) with a growth 
coefficient (α) of 0.06±0.02. The growth parameter based on the dissolved ReOC 
data and the 7-day T average (α=0.08±0.02) is within uncertainty of the CO2 gas 
flux measurements (Soulet et al., 2021). These two independent methods give 
strong evidence that higher oxidation rates of OCpetro occur during higher air 
temperatures in a kinetically-limited regime. In a global application, these results 
suggest that in a future warmer climate, the chemical weathering of OCpetro and 
related CO2 release to the atmosphere may be enhanced, which is an important 
parameter for future climate studies. 
 
Figure 4.10: Temperature sensitivity on the ReOC in the low flow Laval 
samples. The exponential growth model is described by the correlation 
coefficient (r2) and the growth coefficient (α). A: Air temperature is averaged 
over 7-days before the sample collection. B: Air temperature is averaged over 
the 30-days before the sample collection. 
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4.5.3.2 Less pronounced seasonality in Re production in the Brusquet 
The stark seasonal shifts in flood-event Re concentrations observed in the Laval 
(Figure 4.9) are far less pronounced in the Brusquet catchment (Figure S4.3, 
Supplementary materials). For example, in the 10/2016 – 10/2017 observation 
period, the highest Re concentrations of 2.5±0.5 pmol l-1 (14/10/16; n=3; ±1SD) 
were measured during an October flood event, and the lowest concentrations of 
1.5±0.2 pmol l-1 (05/02/17; n=4; ±1SD) were measured during a February flood 
event. This could mean that kinetic controls on Re production are not the same in 
both catchments. The lower sediment yield in the Brusquet (Table 4.1) could 
suggest that Re production is limited by the supply of OCpetro to the near-surface, 
oxic-weathering zone. Across a set of global catchments, the Re yield has been 
shown to increase with erosion rate (Hilton et al., 2014; Hilton and West, 2020; 
Horan et al., 2017), suggesting a limitation of oxidation reactions by sediment 
supply at low to moderate denudation rates.  
In a supply-limited environment, silicate weathering rates are thought to 
be less sensitive to temperature differences than in a kinetically-limited regime 
(Riebe et al., 2004; West et al., 2005; West, 2012). Here, we explore the 
temperature feedback on the OCpetro weathering rates in the supply-limited 
Brusquet by plotting air temperature averaged over 7- and 30-days before 
sample collection with ReOC concentrations at low flow (Figure 4.11). In both 
cases, the correlation with temperature is less clear compared to the kinetically-
limited regime in the Laval (Figure 4.10), however, the correlation coefficient (r2) 
increases to 0.59 when the 30-days temperature average is plotted against the 
ReOC concentrations. This improvement in correlation suggests that in a supply-
limited environment, OCpetro oxidation rates are not govern by short-term 
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(weekly) changes in air temperatures, but are, to some degree, correlated to the 
longer-lasting seasonal variations in the air temperature.   
 
 The weaker correlation between temperature and ReOC concentrations in 
the Brusquet may also reflect the forested slopes and near-surface organic soils 
which became more widespread following afforestation in this catchment. While 
soil and vegetation may partly buffer temperature changes in the oxidative 
subsurface, it may also navigate hydrological pathways operating in the 
catchments. The vegetation and soil cover can slow down and divert flow paths 
that deliver solutes to the stream. Therefore, Re mobilization could be less 
efficient in the Brusquet compared to the Laval where bare rock outcrops are 
more common. In the first observation year, all sampled storm events in the 
Brusquet display low discharge (~25 to 375 l s-1) and minor annual variability in 
Re concentration (Figure S3, Supplementary materials). Towards the end of the 
second observation year, in August 2018, the largest storm event in the last 
30 years occurred at the study site. Water discharge in the Brusquet reached to a 
 
Figure 4.11: Less pronounced temperature sensitivity on the ReOC in the 
low flow Brusquet samples. The exponential growth model is described by 
the correlation coefficient (r2) and the slope parameter (α). A: Air temperature 
is averaged over 7-days before the sample collection. B: Air temperature is 
averaged over 30-days before the sample collection.  
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maximum value of 3,568 l s-1 and Re concentrations reached above 20 pmol l-1 
(Figure 4.12). This is the highest Re concentration measured in the Brusquet 
during the two years observation period. Monitoring this single storm event gives 
direct evidence that large quantities of water are needed to move the weathered 
products from the weathering zones to the main stream in this catchment, which 




Figure 4.12: Inter-annual seasonal variability in Re concentrations 
within high flow event samples in the Brusquet. Samples for the second 
observation period: 10/2017 – 10/2018 are show. Each storm event is color-
coded by the sampling date. Lines represent a power law fit through a single 
storm event. A: Total Re concentration (ReTotal) and B: Re associated to OCpetro 
(ReOC).  
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In summary, the high resolution Re concentration dataset studied here, 
revealed a striking seasonality in Re production and positive correlation with air 
temperature in a high erosive (kinetically-limited) regime of the Laval catchment. 
In contrast, in the Brusquet, where erosion rates are lower and weathering is 
supply-limited, the seasonality and temperature correlation is less pronounced. 
However, the hydrological regime may have an important impact on Re export 
from this catchment.  
4.5.4 Application of the Re proxy for OCpetro oxidation  
The CO2 release from oxidation of OCpetro (JOCpetro), can be estimated from the 
dissolved Re yield from OCpetro, JReOC, following the approach from Horan et al. 
(2019) in Equation 4.5.  
The fgraphite is the graphitic fraction of OCpetro, a term to account for OCpetro which 
may be physically and chemical resilient to weathering (Galy et al., 2008). 
However, graphite is likely to be negligible in both catchments based on the low 
thermal maturity of organic matter in marls from the catchment (Copard et al., 
2006). The (OC/Re) ratio is the average value from the bed load samples 
(4.1±0.3×10-7 g g-1 in Laval; 1.6±0.2×10-7 g g-1 in Brusquet). This ratio assumes 
that all Re in the solid samples is sourced from OCpetro (Section 4.5.1), which 
represents a significant uncertainty and needs to be better constrained in future 
studies. The JRe-OC yields are estimated from the total annual Re yields and the 
partitioning of Re source in the dissolved load (Table 4.4, Figure 4.7). The 
proportion of the dissolved Re flux sourced from OCpetro is 54±3 % for the Laval 
and 77±5 % for the Brusquet (averaged between the two sampling years). 
 𝐽𝑂𝐶𝑝𝑒𝑡𝑟𝑜 = 𝐽𝑅𝑒𝑂𝐶  × (
𝑂𝐶
𝑅𝑒
) × (1 − 𝑓𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒)  (4.5) 
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The Re-derived estimates of OCpetro oxidation are remarkably similar for 
the Laval and Brusquet. This is because while JOC-Re is higher in the Laval, the 
Re/OC ratio in the Brusquet is notably lower. The OCpetro oxidation yields in the 
first observation period are 0.3±0.05 tC km-2 yr-1 in the Laval and 
0.2±0.02 tC km-2 yr-1 in the Brusquet. Rates increase in the second observation 
period to 0.5±0.21 tC km-2 yr-1 and 0.4±0.22 tC km-2 yr-1, for the Laval and 
Brusquet, respectively (Table 4.6).  







SSY ReOC flux Re/OC CO2 
km2 t km-2 yr-1 
x10-4  
mol km-2 yr-1 
x10-7  
g g-1 




8,693 6.2 ±1.0 
4.1 ± 
0.3 
0.3 ± 0.05 
11/09/2017-
10/09/2018 










492 3.6 ± 1.9 0.4 ± 0.22 
CHAPTER 4 
Climate and erosion control on rhenium production and mobility 
145 
 
In the Brusquet, the vegetation cover may omit physical rock degradation 
and availability of fresh oxygen, resulting in low OCpetro oxidation rates. However, 
the estimated low OCpetro oxidation yields are surprising for the Laval catchment. 
There, exposed surfaces of marl lithology in combination with Mediterranean-
alpine climate (i.e. hot and dry summer and cold winters with freeze-thaw cycles) 
form an ideal environment for enhanced physical and chemical degradation of 
rocks. The oxidation rates presented for the Laval are also much lower than Re-
proxy based measurements from other high erosive environments; e.g. Taiwan, 
(4–20 tC km-2 yr-1; Hilton et al., 2014), or catchments draining New Zealand’s 
Southern Alps (14–30 tC km-2 yr-1; Horan et al., 2017). The Laval is the only 
catchment where we also have direct measurements of CO2 flux from chambers, 
which capture processes in the near-surface weathering zone (Soulet et al., 
2018). The CO2 release from oxidative weathering of OCpetro was, on average, 
76±54 mgC m-2 day-1 (n=10) for a chamber near the Laval stream on an exposed 
rock outcrop (Soulet et al., 2021). While these chamber-based measurements are 
inherently local, and do not capture the catchment-average, this value up-scaled 
to the catchment would be 28±20 tC km-2 yr-1, which is ~100-times higher than 
the Re-proxy based estimates.  
To examine these discrepancies, we note that the direct CO2 measurements 
have also been used to partition the fluxes between OCpetro oxidation (OC) and 
carbonate dissolution by sulfuric acid (IC). The IC:OC source ratios were 
measured as 2.6 and 5.3 in two chambers (Soulet et al., 2021). Given the CO2 
release estimated from carbonate dissolution by sulfuric acid using dissolved 
ions 22.1 tC km-2 yr-1 (averaged over 2 sampling years; Chapter 5, Table 5.3, 
p187), an IC:OC ratio of 5.3 would suggest OCpetro oxidation rates of 
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~4.2 t km-2 yr-1. This is ~10-times higher compared to estimates made with the 
dissolved Re proxy presented above (~0.4 t km-2 yr-1; averaged over the two 
sampling years), and so indicates the discrepancy in the Re proxy is also present 
in the ratio of weathering pathways. 
However, the mismatch between the CO2 release rates measured in the local 
chambers and catchment-wide estimates presented here may reflect the scaling 
issues between the two methods. The Laval catchment exhibit a number of 
specific catchment characteristics, which could indeed result in low catchment-
wide average CO2 release rates from OCpetro oxidation. For example, the extremely 
thin weathering zone (~cm thick) and the absence of vegetation may limit the 
reactive surface area of minerals in the Laval. Another feasible explanation is that 
extremely high suspended sediment yields promote the export of the oxidized Re 
through the solid load, rather than in the dissolved load (Table 4.4). Additionally, 
the relatively low runoff in the catchment (367 mm yr-1) and high rates of 
transpiration and evaporation (runoff:precipitation ratio of 0.38) may promote 
the precipitation of secondary phases (e.g. secondary gypsum) that could capture 
some ions produced during weathering. In the Laval, suspended and bed load 
samples are the product of physical erosion of the regolith and bedrock, and these 
show minimal evidence for weathering losses, as previously discussed by Copard 
et al. (2006) and Graz et al. (2011). Here, we can use the Re concentration 
measured in those materials to estimate Re export in the solid load. This assumes 
that the samples here are representative of the total flux, and so these estimates 
have considerable uncertainty. Suspended sediment Re transfer is 
1602±639×104 mol km-2 yr-1 (average between the two years; Table 4.4Table 
4.4), which is ~100-times higher than the Re export through dissolved load 
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(16±7.7×104 mol km-2 yr-1). Thus, only a relatively small faction of this Re would 
need to have been oxidized but immobilized to explain the lower Re yield 
observed in the Laval.  
In summary, several characteristics of the Laval catchment, such as low 
runoff, extremely thin weathering zone, limited surface area and high suspended 
sediment yield may indeed result in low OCpetro oxidation rates at this site. 
Therefore, further attention is required to fully understand the effect on 
weathering of the soft marl lithology on the atmospheric CO2 and O2 levels in 
these specific landscapes.  
 Conclusions 
This study explored production and mobility of a trace element rhenium (Re) 
across a large gradient in physical erosion in a pair of marl-dominated 
catchments, the Laval and Brusquet, in the South French Alps. An unprecedented, 
high temporal resolution stream water sampling campaign was completed to 
measure dissolved Re and other weathering products across two years.  
In the highly erosive Laval catchment, we found a pronounced seasonal 
variability in dissolved Re concentration in both a series of sequential high flow 
events, and during the low flow regime. Rhenium concentrations were up to 
~10-times higher during the summer months compared to the winter months. 
This seasonality suggests a kinetic control on the production of Re in the 
weathering zone, and flushing of the produced Re from the near-surface during 
flood events. A close association was found between dissolved Re associated to 
OCpetro weathering (ReOC) concentration at low flow and air temperature, which 
is consistent with a kinetic control on OCpetro oxidation in erosive catchments. The 
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strong temperature dependency on OCpetro and Re oxidation may have a profound 
application for the future warming climate, with expected higher CO2 release 
rates from the oxidative weathering of sedimentary rocks. In contrast, in the 
supply-limited (less erosive) Brusquet the seasonal patterns are less pronounced 
in the high flow events. However, a less clear, but positive correlation was found 
between the ReOC concentrations at the low flow regime and the 30-day air 
temperature average, which suggests that seasonal shifts in temperature may to 
some degree govern the OCpetro weathering also in a supply-limited environment.  
The dissolved Re yields were surprisingly low in the highly erosive 
catchment of Laval (~16±7.1×10-4 mol km-2 yr-1; averaged over the two years), 
when compared to global datasets. When we apply the Re-proxy for OCpetro 
oxidation, the carbon transfers are also low, and much lower than direct 
measurements of CO2 release made in the shallow weathering zone of this 
catchment in other work. We estimate high Re export in suspended sediments is 
high (1,602±639×10-4 mol km-2 yr-1) and suggest that some weathering products 
may be exported in the solid load, however, this requires further attention. 
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 Supplementary materials 
Table S4.1. Cold seep and soil porewater chemistry sampled in the Laval catchment.  
Field ID Sample Type N E Date 
Cl 
μmol        
SO4 Na 
μmol 








DRA16 19 Seep 44.14115 6.37208 04/08/2016 1873 12150 318 25.6 2353 2310 7.85 
DRA17-37 Seep 44.14107 6.37482 30/03/2017 313 8631 4143 56.5 4429 4431 1.81 
DRA18-110 Seep 44.14154 6.37283 25/09/2018 3033 10100 10107 72.9 3539 3054  - 
DRA17-6 Soil Pore water in colluvium 44.14042 6.36307 26/03/2017 27 4761 56 48.9 3012 2370 2.79 
DRAI17-51 Soil Pore water in colluvium 44.14042 6.36307 24/06/2017 26 6438 58 48.9 4073 3169 2.18 





Climate and erosion control on rhenium production and mobility 
150 
 
Table S4.2. Precipitation chemistry for the observation period 2016-2018 sampled at the Laval gauging station. Samples in grey were not 
used in the calculations of cycling input estimates.  







Cl SO4 Na Mg Ca Al Zn Mn Re  Na/Cl 
  
mm day-1 mm day-1 μmol μmol μmol μmol μmol μmol pmol pmol pmol 
  
PL 12-9-16 11/09/2016 12.2 3.8 18 35 88 20 70 0.32 5841 72 1.12 
 
4.97 
PL 13-9-16 12/09/2016 18.0 15.3 13 25 75 16 49 0.08 5970 68 0.99 
 
5.77 
PL 16-10-16 14/10/2016 54 53.7 22 30 54 16 147 0.49 1062 17 0.31 
 
2.45 
PL 8-11-16 05/11/2016 37 59.9 20 19 45 15 133 0.13 3521 21 0.46 
 
2.26 
PL 22.11.16 21/11/2016 64 67.0 3 3 12 12 16 0.03 2444 10 <DL 
 
4.32 
PL 7.2.17 05/02/2017 26 23.4 6 10 16 15 80 0.12 1022 25 0.10 
 
2.72 
P 9.5.17 06/05/2017 19 14.9 15 63 28 30 87 0.21 3072 17 0.42 
 
1.86 
P 29.6.17 28/06/2017 34 27.0 17 21 16 13 45 0.22 4318 86 0.32 
 
0.94 
PL 11.9.17 09/09/2017 19 19.8 17 21 17 14 46 0.25 5250 39 0.25 
 
0.96 
PL_130318 10-11/03/2018 49 22.2 8 6 5 2 9 0.03 2812 19 0.10 
 
0.72 
PL_05062018 02/06/2018 44 10.2 4 7 6 7 23 0.05 2631 6 0.15 
 
1.52 











Table S4.3. Statistics on the Re partition output when testing the mean Re/SO4 
(Method 1) and the minimum Re/SO4 (Method 2) as a sulfate end-member. 
Catchment  pmol Method Min Median Max Mean SD 
Laval 
ReOC 1 0.00 1.31 37.52 4.33 6.87 
ReOC 2 0.01 1.84 38.58 4.87 7.16 
ReS 1 0.00 1.01 4.11 1.20 0.67 
ReS 2 0.01 0.46 1.71 0.54 0.30 
Brusquet 
   
ReOC 1 0.05 1.08 22.44 1.99 3.49 
ReOC 2 0.02 1.29 22.47 2.08 3.49 
ReS 1 0.05 0.33 0.6 0.34 0.13 
ReS 2 0.03 0.23 0.4 0.23 0.11 
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Figure S4.1: Modelling steps for determining dissolved Rhenium (Re) 
concentrations for un-sampled periods. Example for the Laval dataset. 
A: Concentration separation into a low flow (blue) and high flow (red) regime. 
B: Seasonal variability in the low flow regime, modelled with a cosine-sine 
curve fit. C: Linear interpolation between the high flow samples. D: The final 
concentration model integrating low flow and high flow regime. The vertical 
grey bars represent time intervals, when discharge is above the low flow value, 
that is >28.5 l s-1 for the Laval dataset. For details see Chapter 2, Section 2.3.4, 
p44. 
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Figure S4.2: Inter-annual seasonal variability in Re concentrations within high 
flow event samples in the Laval for the second sampling year (09/2017 – 
09/2018). Each storm event is color-coded by the sampling date. Lines represent 
a power law fit through a single storm event. A: Total Re concentration (ReTotal) 
and B: Re associated to OCpetro (ReOC).  
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Figure S4.3: Inter-annual seasonal variability in Re concentrations within high 
flow event samples in the Brusquet for the first sampling year (10/2016 – 
10/2017). Each storm event is color-coded by the sampling date. Lines represent 
a power law fit through a single storm event. A: Total Re concentration (ReTotal) 
and B: Re associated to OCpetro (ReOC).  
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CO2 release from carbonate 
weathering by sulfuric acid driven by 






The Laval catchment at the Draix-Bléone Critical Zone Observatory, South French 
Alps; Photo taken from the south ridge towards the catchment headwaters;  
October 2017; Photo: Robert G. Hilton 
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Recent work has highlighted that the oxidation of sulfide minerals during 
weathering and the production of sulfuric acid can lead to a release of CO2 from 
rocks to the atmosphere. However, catchment-scale estimates of the CO2 release 
through sulfide oxidation coupled to carbonate weathering remain sparse. It is 
important to better constrain the mechanisms of sulfuric acid production and to 
determine how environmental variables (e.g. temperature, hydrology) may drive 
this CO2 release. Here we study the stream water chemistry of two marl-
dominated catchments with contrasting rates of physical erosion (the Laval and 
the Brusquet) in the Draix-Bléone Critical Zone Observatory, Provence, France. In 
the highly erosive Laval, cation partitioning suggests a dominance of carbonate 
(73±13 %) over silicate weathering, which is even more pronounced in the less 
erosive Brusquet (>92 %). The stable sulfur isotopic signature suggests sulfide 
oxidation is the dominant source of sulfate in these catchments. Examination of 
dissolved ion rations (HCO3/∑Cat+, SO4//∑Cat+) confirms that sulfuric acid 
governs mineral dissolution, rather than carbonic acid, accounting for 90±6 % 
and 63±9 % in the Laval and Brusquet, respectively. We find that carbonate 
dissolution by sulfuric acid is the dominant weathering pathway in both 
catchments, resulting in higher CO2 release for the Laval (22.1±7.1 tC km-2 yr-1) 
compared to the Brusquet (4.6±0.8 tC km-2 yr-1). The CO2 consumption rates by 
silicate weathering are lower than the CO2 emissions from weathering in both 
catchments, at 1.3±0.3 tC km-2 yr-1 and 0.2±0.1 tC km-2 yr-1 in the Laval and 
Brusquet, respectively. Physical erosion is the primary control on the sulfuric acid 
weathering. However, in the more erosive catchment, we find that the rates are 
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moderated by seasonal changes in air temperature that control production of 
sulfuric acid, which is elevated in summer. From these seasonal patterns, it can 
be inferred that CO2 release from sulfide oxidation may increase in a warmer 
climate.  
 Introduction 
Sedimentary rocks, such as shales, carbonates, and sandstones underlay ~65 % 
of the total continental surface (Amiotte Suchet et al., 2003) and constitute one of 
the largest reservoirs of inorganic and organic carbon on Earth (Sundquist & 
Visser, 2005). Chemical weathering of these lithologies act to regulate 
atmospheric O2 and CO2 concentrations over geological time scales (Hilton & 
West, 2020); weathering of silicate minerals by carbonic acid is a long-term CO2 
sink (Chamberlin, 1899; Gaillardet et al., 1999; Maher and Chamberlain, 2014; 
Moon et al., 2014), whereas chemical weathering of carbonate minerals by 
sulfuric acid (Calmels et al., 2007; Torres et al., 2014) and the oxidation of rock 
organic carbon are long-term CO2 sources (Hilton et al., 2014; Hilton and West, 
2020; Petsch, 2014). The current estimate for the combined modern day CO2 
release during oxidative weathering of sulfides and rock organic carbon (40–
140 Mt C yr-1; Burke et al., 2018; Petsch, 2014; Torres et al., 2017) is of similar 
magnitude, although less well-constrained, as volcanic degassing (79±9 Mt C yr-1; 
Plank & Manning, 2019). Obtaining quantitative knowledge of global and regional 
(e.g. catchment-scale) CO2 weathering budgets (Hilton and West, 2020; Torres et 
al., 2017) and recognizing the controls on oxidative weathering (Hemingway et 
al., 2020; Turchyn et al., 2013) is of prime importance to understand the 
evolution of the long-term carbon cycle.  
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Chemical weathering is controlled by acid-base reactions, with carbonic 
(H2CO3) and sulfuric (H2SO4) acids being the main acidity sources involved in the 
dissolution of weathered minerals (Meybeck, 1987). Carbonic acid, produced 
either by dissolution of atmospheric CO2 or CO2 from soil respiration, in reaction 
with silicates produces alkalinity (Equation 5.1), resulting in a net CO2 drawdown 
from the atmosphere (Equation 5.2). 
Carbonic acid weathering of carbonate minerals can influence atmospheric CO2 
concentrations on time-scale <106 years. On time-scale >106 years, Dissolved 
Inorganic Carbon (DIC) derived from carbonate weathering is removed from the 
ocean by carbonate precipitation and has no net effect on the atmospheric CO2 
(Gaillardet et al., 1999).  
 In contrast, oxidation of pyrite-rich lithologies can produce sulfuric acid 
(H2SO4) via reactions involving O2 (Equation 5.3) iron redox cycling 
(Equation 5.4). 
Sulfuric acid can dissolve carbonates, and lead to an immediate release of CO2 to 
the atmosphere (Equation 5.5). Alternatively, carbon from carbonate dissolution 
may enter the bicarbonate pool of river water, in which case the CO2 release to 
2𝐶𝑂2 + 3𝐻2𝑂 + 𝐶𝑎𝐴𝑙2𝑆𝑖2𝑂8  
          
→   𝐶𝑎2+ + 2𝐻𝐶𝑂3
− + 𝐴𝑙2𝑆𝑖2𝑂5(𝑂𝐻)4 (5.1) 
𝐶𝑎2+ + 2𝐻𝐶𝑂3
−  
                
→     𝐶𝑎𝐶𝑂3 + 𝐶𝑂2 + 𝐻2𝑂 (5.2) 
 15𝑂2 + 14𝐻2𝑂 + 15𝐹𝑒𝑆2  
          
↔  8𝐻2𝑆𝑂4 + 4𝐹𝑒(𝑂𝐻)3 (5.3) 
 𝐹𝑒𝑆2 + 14𝐹𝑒
3+ + 8𝐻2𝑂 
                
→     15𝐹𝑒2+ + 2𝑆𝑂4
2− + 16𝐻+ (5.4) 
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the atmosphere may be delayed by carbonate precipitation in the ocean (~106 yr; 
Equation 5.6; Berner & Berner, 2012; Torres et al., 2014).   
Sulfuric acid can also dissolve silicate minerals, which does not directly impact 
atmospheric CO2 budget, but has been shown to result in high concentrations of 
dissolved major elements in river water (Cras et al., 2007; Ross et al., 2018).  
The relative importance of carbonic versus sulfuric acid weathering on the 
net carbon exchange between rocks and the atmosphere has been recognized by 
a growing number of studies (Blattmann et al., 2019; Bufe et al., 2021; 
Li et al., 2008; Spence and Telmer, 2005; Torres et al., 2016; Winnick et al., 2017). 
One of the main outcomes of this prior work is a positive correlation between 
physical erosion and pyrite oxidation rates, as first revealed in the Mackenzie 
river basin (Calmels et al., 2007) and supported more widely in Hilton & West 
(2020) by data from mountain catchments of Taiwan (Das et al., 2012; Torres et 
al., 2014), and the Andes (Torres et al., 2016). However, only a handful of studies 
have sought to constrain how pyrite oxidation proceeds over seasonal or inner-
annual timescales (Crawford et al., 2019; Winnick et al., 2017). This is important 
in order to better quantify weathering fluxes, and to explore the environmental 
controls on pyrite oxidation at the catchment scale.   
 Here, we report new high-resolution time-series measurements of 
dissolved and solid major element concentrations and isotopic composition of 
sulfate in two pre-alpine catchments, at the Draix-Bléone Critical Zone 
 𝐶𝑎𝐶𝑂3 + 𝐻2𝑆𝑂4  
          
→   𝐶𝑂2 (𝑔) + 𝐻2𝑂 + 𝐶𝑎
2+ + 𝑆𝑂4
2− (5.5) 
 2𝐶𝑎𝐶𝑂3 +  𝐻2𝑆𝑂4  
          
→   2𝐶𝑎2+ +  2𝐻𝐶𝑂3
− +  𝑆𝑂4
2− (5.6) 
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Observatory. At the study site, local fluxes of CO2 released by chemical weathering 
have been independently determined by a chamber method (Soulet et al., 2018) 
allowing comparison with flux estimates derived from dissolved river chemistry 
presented here. The main objective of this study is to provide the inorganic 
carbon budget estimate, by exploring mineral and acid sources, the origin and 
oxidation environment of sulfate, and to investigate controls on the chemical 
weathering regime and the CO2 budget. We find that carbonate dissolution by 
sulfuric acid is the dominant weathering reaction in both catchments, which is 
navigated by seasonality in air temperature.  
 Study area 
The Draix-Bléone Critical Zone Observatory (CZO) is part of the French Network 
Observatories for the Critical Zone, OZCAR (Gaillardet et al., 2018). The 
catchments are located in the South French Alps near the village of Draix 
(Figure 5.1), and have been monitored since the 1980s (Mathys and Klotz, 2008). 
Here, we focus on two nearby catchments, the Laval (0.86 km2) and the Brusquet 
(1.07 km2). They have large differences in vegetation cover and sediment export, 
while having similar bedrock and climatic conditions (Figure 5.1). An Alpine-
Mediterranean climate, with cold winters and hot and dry summers prevails at 
the study site.  The main rainfall periods are in autumn and spring. The dry and 
hot summers can be interrupted by short and intensive storm events (Mathys and 
Klotz, 2008). The long-term mean annual precipitation (1985-2018) in the Laval 
is 918 mm, and 850 mm in the Brusquet. 
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Figure 5.1: Geography of the Draix-Bléone CZO. A: Location of the Draix-Bléone observatory in the South French Alps. B: Geological 
map of the study sites. C: Geology and stream network of the Brusquet with location of the gauging station (square), and location of CO2 
chamber experiments (red rectangular; Roylands et al., in prep.). D: Geology and stream network of the Laval, with locations of the 
gauging station (white circle), porewaters (red triangle), seep (red star), and location of CO2 chamber experiments (red rectangular; 
Soulet et al., 2018). Characteristics of the Brusquet and Laval are from Carrere et al., 2020.    
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 The main bedrock lithologies are marl and shale, which are extremely 
prone to physical degradation, and the landscape has developed a “badlands-
type” morphology with V-shaped gullies (Cras et al., 2007; Mathys et al., 2003). 
The Laval catchment drains mostly Callovo-Oxfordian marls (Figure 5.1D) that 
contain 0.5–0.7 % organic carbon (OC) and ~0.6 % sulfur (S). The rocks have a 
very high carbonate content ~45 % (Graz et al., 2011). In the Brusquet 
catchment, the geology is comprised of Toarcian black marls, lower Aalenian 
limestones, Upper Aalenian grey shales and Bajoncian marly limestone 
(Figure 5.1C). The Toarcian black marls cover one third of the catchment and 
were deposited at the end of the Toarcian Anoxic Oceanic event, which globally 
corresponds to enrichment in OC and pyrite deposition (Gill et al., 2011). The 
Toarcian black shales comprise higher OC (0.7 %), compared to grey shales 
(0.5 %), marls (0.26 %), and limestones (0.13 %) (Graz et al., 2011). Sulfide 
minerals are widespread in both catchments, mainly in form of dispersed pyrite 
or pyrite veins (Cras et al., 2007; Graz et al., 2011).  
  Materials and Methods 
5.3.1 Sample collection procedure  
5.3.1.1 Solid samples 
We collected a range of solid samples that include surface rock samples, bed load 
material, and suspended load. Most surface rock samples were collected at the 
same locations as where CO2 chambers measurements were conducted in the 
Brusquet (Figure 5.1C; Roylands et al., In prep.) and in the Laval (Figure 5.1D; 
Soulet et al., 2018). In the latter, two sets of surface rock samples were collected 
from a single outcrop; the loose detrital cover composed of millimeter- to 
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centimeter-sized fragments of marls, and rock powders from drilling approx. 
40 cm deep cylindrical chamber into the outcrop. Fine-grained bed load material 
was collected in the outlets of both catchments. Suspended load samples were 
recovered from one storm event in each catchment, after settling samples, 
removing the clear stream water, and oven dried at 60 °C.  
5.3.1.2 Water samples  
Time-series water samples were collected from September/October 2016 to 
September/October 2018 at gauging stations located at the catchment outlets 
(Laval/Brusquet). The gauging stations are equipped with a calibrated Parshall 
flumes to measure flow and a flow-controlled automatic water sampler (Cras et 
al., 2007; Mathys and Klotz, 2008). In total, 91 water samples were collected from 
the Laval and 50 from the Brusquet outlets. These samples were collected by two 
different methods depending on the nature of the river flow. During the majority 
of storm events and periods of high flow, samples were collected by an ISCO auto-
sampler with an aim of collecting at least three samples during increasing 
discharge, peak flow, and decreasing discharge. In total, 68 and 34 samples were 
collected during high flow regime from the Laval and Brusquet, respectively. Low 
flow samples were sampled by hand in a pre-rinsed 1L bottle, approximately 
monthly, resulting in 23 and 14 samples collected in the Laval and Brusquet, 
respectively (See Figure 4.2, p108 in Chapter 4).  
Stream water samples were also obtained from the Moulin catchment, 
which is a small (0.09 km2), surface flow dominated catchment, neighboring the 
Laval (Figure 5.1B). These samples are used to help quantify rainfall inputs to the 
studied streams (Section 5.4.3). Precipitation samples were collected at the rain 
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gauge in the Laval catchment during 12 precipitation events across the sampling 
period.   
To investigate the signal of chemical weathering reactions, samples from 
seeps and porewaters were sampled across the Laval catchment. The porewaters 
were collected using Rhizon pore water samplers from recently deposited 
surface colluvium material (Figure 5.1D). The cold seep samples were collected 
at low flow in August 2016 and March 2017, from natural bedrock fractures near 
the channel bed (Figure 5.1D). 
All water samples were filtered following collection through syringe-
mounted 0.22 μm PES filters. Pre-acid cleaned LDPE bottles were rinsed with 
filtered water, before collection of two filtered aliquots: 30 ml un-acidified for 
major anions and sulfate isotopes; 60 ml acidified (with trace analysis grade 
HNO3 after filtration to pH~2) for major cations. Samples were stored in a fridge 
(4 °C) and shipped to Durham for further analysis.  
5.3.2 Analytical techniques 
5.3.2.1 Geochemical analysis of solid samples 
Solid samples collected in the Laval and Brusquet were freeze-dried and then 
hand- or ball-milled. Sample powders were analyzed for major and trace 
elements using flow injection and low pressure on-line liquid chromatography 
coupled to Inductively Coupled Plasma Mass Spectrometer (ICP-MS) at the 
French National Center for Scientific Research (CNRS), Service d'Analyse des 
Roches et des Minéraux (SARM) following a protocol described in Carignan et al. 
(2001).  
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A subset of samples (n=8) was analyzed for total sulfur concentration and 
stable sulfur isotope (δ34S) on a Costech Elemental Analyzer coupled to a Thermo 
Fisher Delta V Plus in the Stable Isotope Biogeochemistry Laboratory at Durham 
University, Department of Archeology. Precision and accuracy were monitored 
through repeated runs of standard material (sulphanilamide) and international 
standards (IAEA-SO-5, IAEA-SO-6, NBS-127), providing isotopic range of δ34S 
from -31 ‰ to +20.3 ‰.  The percentage of sulfur was calculated as part of the 
isotopic analysis using sulphanilamide (S = 18.62 %).  
5.3.2.2 Geochemical analysis of water samples 
Major dissolved ions in water samples were measured via a Thermo Scientific 
Dionex ICS 6000 ion chromatograph at Durham University, Department of 
Geography. Many samples were analyzed at 5- to 50-times dilution due to the 
high ion concentrations. Repeated measurements of a certified river water 
reference standard material (Sangamon-03) are used to validate the analytical 
results. Analytical precision is better than 5 % for SO42-, Na+, K+, Ca2+, and Mg2+ 
and better than 10 % for Cl-. Sample replicates (during and between each batch), 
have precision better than 1 % for Ca2+ and Mg2+, better than 2 % for SO42-, Na+ 
and K+, and better than 3 % for Cl- (Chapter 2, Section 2.2.4.1, p37).  
Calculation of bicarbonate concentrations (HCO3-) on individual samples 
was done by charge balance, assuming that excess positive charge is equal to 
concentration of the HCO3- in milliequivalents. In the Laval, a number of low flow 
samples have high SO42- concentrations (>10,000 μmol l-1). Given an uncertainty 
of ~5 %, this high absolute value makes residual using the charge balance more 
uncertain. For some these samples (19 % of the dataset) we find negative 
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estimates of HCO3-, which are not reported, and assumed to be within uncertainty 
(±500 μmol l-1) of zero.  
5.3.2.3 Sulfur and oxygen isotopes of dissolved sulfate 
A subset of 11 water samples from the Laval and 8 from the Brusquet were 
prepared and analyzed for stable sulfur (δ34SSO4) and oxygen (δ18OSO4) isotopes 
of dissolved sulfate. To capture a large range in water discharge, the samples 
were selected from flood events in August and November 2016, and cover four 
orders of magnitude for the Laval (10-1–103 l s-1) and the Brusquet (10-2–102 l s-1).  
Barite (BaSO4) was precipitated from river water samples following the 
method of Turchyn et al. (2013), see Chapter 2, Section 2.2.3, p36 for details. The 
BaSO4 powders were analyzed for δ34S by flash EA coupled by continuous flow to 
Delta V Mass Spectrometer at the Godwin Laboratory for Paleoclimate research 
at the University of Cambridge. The samples were run with NBS 127 bracketing 
sets of samples. The δ18O on the barite was measured in triplicates on a High 
Temperature Conversion Elemental Analyzer (TC/EA) at Department of Earth & 
Planetary Sciences, Harvard University. All measurements were corrected to the 
Vienna Standard Mean Ocean Water (VSMOW) using a 2-point calibration curve. 
The accuracy was monitored through repeated analysis of international 
standards IAEA SO-6 =-11.3±0.3 ‰ VSMOW and NIST NBS-127=+8.6±0.3 ‰ 
VSMOW. Average precision, based on triplicates of samples, was 0.2 ‰ (n=20).  
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5.4.1 Solid phase geochemistry  
5.4.1.1 Geochemistry and weathering intensity of solid samples 
The elemental composition of the rock clasts samples collected in the Laval 
(Table 5.1; geochemistry for each sample is available in Appendix 2) reflects 
silicate (smectite/illite, illite, kaolinite and chlorite) and carbonate (limestone) 
mineral fractions  previously described in Marc et al. (2017). Surface rock 
samples from the Brusquet have similar elemental concentrations, except for a 
higher mean calcium and strontium concentrations compared to the Laval 
(Table 5.1). Overall, the lithological signature is dominated by carbonate 
minerals, as it is apparent from high Ca/ΣCat+ ratio (~0.8–1.0) and low Na/ΣCat+ 
ratio (~0.006–0.014) (Figure 5.2A). These ratios directly correspond to the 
limestone end-member used for lithological partitioning in the Andes-Amazon 
system (Torres et al., 2016) and to the calcite end-member defined in the 









The elemental composition and variability observed in surface rock 
samples is similar to those of the bed load and suspended load sediments 
collected in both catchments (Table 5.1, Figure 5.2A). However, suspended 
sediment samples generally have lower relative Ca/∑Cat+ ratios compared to the 
bed loads (Figure 5.2A), suggesting a signal of carbonate weathering. The 
intensity of weathering in solid samples can be further examined by calculating a 
mass transfer coefficient, tau (τ) (Brantley et al., 2013; Chapter 3). We do this to 
compare the loose detrital, weathered sediments (“Rock-surface” in Table 5.1) 
and drilling powders, the least-weathered (“parent”) material (“Rock-drilled” in 
Table 5.1). The tau (τ) is calculated as follows in Equation 5.7 (Chapter 3, Brantley 
et al., 2013).  
 
Figure 5.2: Geochemical characteristics of the solid samples. A: Solid 
phase Ca/∑Cat+ versus Na/∑Cat+, suggesting dominant carbonate signal in 
both catchments. B: Loss of elements associated to carbonate (Mg, Ca, Sr) and 
silicate (Si, Al, Fe, Na, K) weathering from “rock-drilled” to “rock-surface” 
samples.  See text for details. 
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Here C is elemental concentration of immobile (i) or mobile element (j) of the 
parent (p) or weathered material (w). A positive τ suggest elemental gain, and a 
negative τ suggest elemental loss, relative to the parent material. The 
composition of the parent material is determined by taking a mean value of the 
“Rock-drilled” samples (n=5) for each major element presented in Table 5.1. 
Titanium (Ti) is used as a non-soluble, immobile element during chemical 
weathering, due to similar concentrations measured in rock fractures 
(0.6±0.1 %), bed load (0.5±0.1 %), and suspended load (0.6±0.1 %).  
The average τi,Ti values for the rock surface samples collected from a marl 
outcrop in the Laval are shown in Figure 5.2B. Most elements associated with 
silicate minerals (Si, Fe, Na, K) show negligible change in concentration, with 
mean τSi,Ti values between +0.02 and -0.05. In contrast, elements dominating 
carbonate minerals (Ca, Mg, Sr) all show significant depletions in the “Rock 
Surface” samples, with a mean τCa,Ti of -0.22, mean τMg,Ti of -0.24 and mean τSr,Ti of 
-0.19.  
 𝜏𝑖,𝑗 = 
𝐶𝑗,𝑤  × 𝐶𝑖,𝑝
𝐶𝑗,𝑝  × 𝐶𝑖,𝑤
− 1 (5.7) 
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5.4.1.2 Sulfide minerals and secondary minerals 
In the Laval, S concentrations in two surface rock and a bed load sample are 
0.21 %, 0.72 %, 0.48 %, respectively and their δ34S values are -1.3 ‰, -2.6 ‰, 
and -6.7 ‰, respectively. Pyrite collected from a ~5 cm thick vein has S 
concentration of 49 % and δ34S of +9.4 ‰. In the Brusquet, four surface rock 
samples from outcrop of Triassic black marls have S concentrations between 
0.33 % and 0.47 %, and much higher δ34S values, between +18.35 ‰ to 
+21.96 ‰. 
Secondary precipitation of evaporite minerals has been observed within 
both catchments, particularly during the summer months. This surficial white 
powdery substance was sampled for analysis in the Brusquet. This sample has 
low concentrations of all major elements compared to other samples, but 
relatively high concentrations of MgO (13 %), which has not been observed in any 
other solid material. 
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Table 5.1. Solid phase geochemistry of the Draix-Bléone CZO. *Rock clasts represent the average values of rock-surface and rock-
drilled samples together. See Appendix 2 for elemental concentrations on each sample. 
Catchment Sample Type n 
SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O n Sr 
% % % % % % %  ug/g 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD  Mean SD 
Laval 
Rock clasts* 10 38.0 4.3 13.3 2.4 4.4 0.5 1.6 0.2 18.6 4.3 0.42 0.05 2.0 0.4 7 477 67 
Rock-surface 5 39.8 2.5 14.2 1.5 4.5 0.3 1.5 0.3 17.2 2.4 0.43 0.02 2.2 0.2 3 437 39 
Rock-drilled 5 36.2 5.3 12.4 2.9 4.3 0.7 1.7 0.2 20.1 5.5 0.41 0.07 1.9 0.4 4 507 72 
Bed load 3 34.1 3.7 10.8 1.3 5.4 0.8 1.5 0.2 22.4 3.0 0.43 0.06 1.7 0.2 3 558 102 
Suspended load 7 36.7 1.7 13.3 0.8 4.8 0.7 1.8 0.1 18.7 1.5 0.46 0.05 2.1 0.2 7 473 44 
Pyrite vein 1 11.1 - 4.5 - 26.4 - 0.5 - 14.2 - 0.14 - 0.7 - 1 734 - 
Pyrite weathered 1 3.9 - 2.7 - 42.1 - 0.3 - 6.7 - 0.06 - 0.2 - 1 356 - 
                    
Brusquet 
Surface rock 8 37.9 4.1 12.9 1.0 4.2 0.4 1.7 0.2 19.5 3.3 0.48 0.06 2.0 0.2 7 660 104 
Bed load 7 33.9 4.1 10.3 1.2 3.9 0.4 1.6 0.3 23.9 3.2 0.44 0.05 1.6 0.2 3 750 107 
Suspended load 3 39.8 1.0 13.2 0.5 3.7 0.1 1.8 0.1 17.1 1.0 0.53 0.02 2.2 0.1 3 657 7.7 
Iron Oxide Precipitant 1 2.7 - 0.6 - 31.5 - 0.3 - 4.6 - 0.04 - 0.2 - 1 904 - 
Secondary Minerals 1 6.3 - 2.0 - 0.9 - 8.1 - 4.2 - 0.20 - 0.5 - 1 260 - 
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5.4.2 Hydrological measurements 
Simultaneous measurements of stream discharge (l s-1) for the observation 
period in the Laval (09/2016–09/2017, 09/2017–09/2018) and Brusquet 
(10/2016–10/2017, 10/2017–10/2018) are available by the Draix-Bléone 
Observatory (Cambon et al., 2015). The two sampling years had large differences 
in precipitation and water discharge (Table 4.1, p115 in Chapter 4). In the Laval, 
the annual discharge was 2.53×108 l yr-1 in the 09/2016–09/2017, and 
4.17×108 l yr-1 in the 09/2017–09/2018 (294 mm yr-1 and 485 mm yr-1 annual 
runoff, normalized by catchment area, respectively). The annual discharge for the 
Brusquet was 1.32×108 l yr-1 and 1.55×108 l yr-1 for the 10/2016–10/2017 and 
the 10/2017–10/2018, respectively (123 mm yr-1 and 144 mm yr-1; annual 
runoff). The runoff in the first observation period is close to the long term (1995–
2015) annual mean, which is ~300 mm yr--1 and ~100 mm yr-1 in the Laval and 
Brusquet, respectively (Smetanová et al., 2018). The second observation period 
had annual runoff values above the long-term annual mean in both catchments.  
Stream discharge measurements are used to set a threshold for a 
hydrograph separation into low flow and high flow regimes. This threshold was 
defined by the maximum of the lower quartile (Q1; <25%; Smakhtin, 2001) of all 
recorded discharge values in the observation period. Full details are provided in 
Chapter 2, Section 2.3.4.1, p45. For the Laval the low flow boundary is 28.5 l s-1, 
and for the Brusquet 7.2 l s-1.  
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5.4.3 Rain water chemistry and cyclic input 
Local rainwater samples were collected between 08/2016 and 08/2018. As 
discussed in Chapter 4, some of the samples show evidence for the dissolution of 
atmospheric dust in elevated Zn concentrations (1,022–5,970 μmol l-1) and Na/Cl 
ratios greater than those of seawater (up to 5.8). Therefore, we only use the 
chemistry of the rain samples with Na/Cl ratios <1 (n=3), broadly reflecting the 
Na/Cl ratio of sea salt composition (~0.87; West et al., 2005).  
To estimate the atmospheric contribution of major elements to the stream 
dissolved load the “rain ratio” method (Equation 5.8) is adopted from Moquet et 
al. (2011) and Spence & Telmer (2005): 
here X*Stream is the precipitation corrected ion concentration in stream water, 
XStream is the measured ion concentration in stream water, ClCrit is the mean Cl- 
concentration measured in a catchment without evaporite, and (X/Cl)Rain is the 
average element over Cl ratio measured in precipitation samples collected in the 
Laval.  
The Moulin catchment provides a way to determine the ClCrit value. The 
Moulin is a first order catchment (0.09 km2, Figure 5.1B) that drains the same 
lithology as the Laval near its outlet. Hydrological models show that fast surface 
runoff is the only water mass contributing to the catchment runoff in the Moulin 
(Cras et al., 2007; Marc et al., 2017). Since surface rock samples in these 
catchments do not contain primary evaporite minerals (Section 5.4.1), the Cl- 
 𝑋𝑆𝑡𝑟𝑒𝑎𝑚











concentration measured in the Moulin is assumed to be that derived from the 
atmosphere (ClCrit). The Cl- concentration in this small catchment covers a range 
of values between 20 μmol l-1 and 299 μmol l-1, and a mean value of 58±51 μmol l-1 
(±1SD, n=41). Using this approach, the mean atmospheric contribution for all 
major ions is negligible (<1%) in both catchments, suggesting that chemical 
weathering is the main process supplying elements to the dissolved load (Cras et 
al., 2007).  
5.4.4 Stream water chemistry and trends with discharge  
The stream water chemistry corrected for atmospheric inputs for each 
sample is available in Appendix 3. The dissolved load (corrected for atmospheric 
inputs) in the Laval is dominated by SO42- ions, with a mean value of 
7.5±4.2 mmol l-1 (all Laval stream waters: ±1SD; n=91; unless otherwise stated), 
whose concentration displays a negative correlation with discharge (Figure 5.3). 
The Cl- concentrations measured in the Laval are also high compared to the global 
rivers, displaying a large range of values, between 0 and 1.5 mmol l-1, with a mean 
of 0.24±0.4 mmol l-1. The mean cation concentrations for Na+, Ca2+ and Mg2+ are 
2.5±2.1 mmol l-1, 3.3±1.6 mmol l-1 and 3.4±1.7 mmol l-1, respectively. The mean 
HCO3- concentration is 1.7±1.3 mmol l-1 (±1SD, n=81). The mean SO42-/HCO3- 
ratio is 6.6±8.3 mol mol-1 (±1SD, n=81) and generally declines with increased 
discharge (Figure 5.3). In contrast, the Ca2+/SO42- ratio (mean=0.5±0.1 mol mol-1) 
and the Ca2+/Na+ ratio (mean=1.8±0.9 mol mol-1) increase with discharge (Figure 
5.3). The concentrations and trends with discharge presented here are similar to 
time series data measured in the Laval between years 2001 and 2002 (Cras et al., 
2007), however, our study extends the dataset to the low flow regimes which 
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were not previously sampled (Q=10-1 to 10-2 l s-1), with higher concentrations in 
all solutes (Figure 5.3). 
For comparison, concentrations of most ions are lower in the Brusquet, 
particularly SO42- (2.9±1.5 mmol l-1; all Brusquet stream waters: ±1SD; n=50; 
unless otherwise stated) and Na+ (0.21±0.38 mmol l-1). The mean Ca2+ and Mg2+ 
concentrations are 2.3±1.0 mmol l-1 and 2.1±1.0 mmol l-1, respectively. The mean 
Ca2+/SO42- ratio is higher in the Brusquet than in the Laval, at 0.9±0.2 mol mol-1. 
The mean HCO3- in the Brusquet is 3.7±1.3 mmol l-1 (±1SD, n=48), resulting in a 
mean SO42-/HCO3- ratio of 0.76±0.31 mol mol-1 (±1SD, n=48). The Ca2+/Na+ 
displays a large variability, between 1.3 and 62.7 mol mol-1 and a mean value of 
18.8±11.5 mol mol-1.  
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Figure 5.3: Time series concentration data with discharge. Using the log-
log scale to compare the Laval samples (grey circles) and the Brusquet 
samples (green squares) for the two sampling years. Samples collected in the 
second (2017-2018) observation year are shaded in lighter colors. The annual 
mean value ±1SD is reported in each plot for both catchments and two 
sampling years. Small red circles are data from Laval collected in 2002, 
published in Cras et al (2007).      
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5.4.5 Seasonal variability in low flow and porewater/seep chemistry  
All major dissolved ions within the low flow samples of the first observation 
year in the Laval have higher concentrations in the summer months (June, July, 
August) than in the winter months (December, January, February). The temporal 
patterns in concentration can be fit by a sine-cosine curve with 6-month 
periodicity (Figure 5.4). The closest data fit to the sine function is observed for 
SO42- (r2 = 0.84), followed by Ca2+ (r2 = 0.74), Cl- (r2 = 0.68) and Mg2+ (r2 = 0.66), 
while less pronounced seasonal variability is observed in Na+ (r2 = 0.53) and 
HCO3- (r2 = 0.44). A strong seasonal trend is also observed in the SO42-/HCO3- ratio 
in the Laval samples (r2 = 0.69) (Figure 5.4B). A distinct seasonal variability in 
ion concentrations is not observed in the Brusquet low flow samples (Figure 5.4C 
and D), with exception of Na+, for which a sine-curve was fitted with moderate r2 
of 0.61 (not shown here).  
Seep samples are generally more concentrated in major ions compared to 
stream samples, with particularly high SO42- (8.6 – 12.2 mmol l-1), 
Cl- (0.3 – 3.0 mmol l-1), Na+ (0.3 – 10.1 mmol l-1) and HCO3- (0.1 – 4.4 mmol l-1). In 
comparison, Mg2+ and Ca2+ in seep samples have similar concentrations as 
measured in stream water, varying between 2.4 – 4.4 mmol l-1, and 
3.1 – 4.4 mmol l-1, respectively. The variability in the chemical composition of the 
seep samples generally follows the seasonal trend observed in the low flow 
dataset from the Laval, although there are much fewer samples (Figure 5.4A 
and B). Porewaters have lower Cl- (0.02–0.03 mmol l-1) and Na+ 
(0.06 – 0.10 mmol l-1) concentrations than the cold seep samples, while 
SO42- (4.8 – 11.4 mmol l-1), Mg2+ (3.0 – 6.0 mmol l-1), and Ca2+ (2.4 – 5.7 mmol l-1) 
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concentrations are more similar between the two datasets. The seasonal trend in 
porewater samples is less clear (Figure 5.4A and B). 
 
5.4.6 Sulfur and oxygen isotopes of dissolved sulfate 
The isotopic composition of dissolved sulfate (δ34SSO4 and δ18OSO4) helps 
inform on the source, redox environment, and flow pathways of sulfate in the 
researched catchments. The two catchments have very different δ34SSO4 values 
(Table 5.2); samples from the Laval have more negative δ34SSO4 values, with a 
mean of -2.3±1.25 ‰ (±SD, n=12), while samples from the Brusquet have more 
positive δ34SSO4 values, with a mean of +7.9±1.3 ‰ (±SD, n=7). Together, these 
 
Figure 5.4: Seasonal variability in low flow stream water chemistry. The 
sine-cosine curve with 6-months periodicity is fitted to the samples collected 
during the first observation period (09/2016-09/2017) in the Laval (A and B). 
The stippled envelope around the mean line represents the 95% confidence 
interval. The curve fit is furthermore presented with r2 value in plots A and B. 
Note the double Y axis in figures A and B, the left showing stream water 
concentration (grey) and the right showing seep (stars) and porewater 
(triangles) concentration (red). Negligible seasonal variability is observed in 
Brusquet samples (C and D). 
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measurements from small catchments span the range of reported measurements 
of δ34SSO4 from rivers around the world (Burke et al., 2018). The contrast between 
the Laval and Brusquet is broadly consistent with the solid samples analyzed for 
δ34S (Section 5.4.1.2).   




Discharge δ34SSO4 SD δ18OSO4 SD δ18OW Ca/SO4 
l s-1 ‰  ‰  ‰  
Laval 04/08/2016 10:00 0.03 -1.92 0.24  - - 0.3 
Laval 11/09/2016 17:28 105 0.52 0.24 -5.9 0.1 - 0.5 
Laval 11/09/2016 17:44 249 -1.82 0.24 -6.2 0.0 - 0.5 
Laval 11/09/2016 18:03 113 -2.19 0.24 -6.1 0.0 - 0.5 
Laval 12/09/2016 15:37 171 -0.47 0.24 -5.2 0.1 -4.88 0.5 
Laval 12/09/2016 15:44 1364 -2.15 0.24 -5.2 0.1 -5.24 0.5 
Laval 12/09/2016 15:58 337 -3.76 0.24 -4.8 0.4 -5.42 0.5 
Laval 14/10/2016 08:24 407 -3.40 0.24 -4.5 0.4 -5.25 0.4 
Laval 14/10/2016 08:34 9241 -2.80 0.24 -5.0 0.4 -5.69 0.5 
Laval 14/10/2016 08:45 1855 -3.47 0.24 -4.3 0.2 -5.99 0.5 
Laval 14/10/2016 10:16 345 -2.96 0.24 -5.9 0.1 -6.33 0.5 
Laval 23/11/2016 11:29 28 -2.63 0.24 -6.9 0.1 - 0.4 
Brusquet 03/08/2016 10:00 0.02 10.53 0.24 - - - 0.3 
Brusquet 14/10/2016 21:57 40 6.41 0.24 -1.2 0.1 - 0.8 
Brusquet 14/10/2016 22:57 42 7.19 0.24 -2.2 0.4 - 0.8 
Brusquet 05/11/2016 09:53 53 - - -3.2 0.2 - 0.9 
Brusquet 05/11/2016 14:36 111 8.28 0.24 -2.4 0.2 - 0.8 
Brusquet 05/11/2016 16:07 222 8.05 0.24 -3.2 0.1 - 0.9 
Brusquet 05/11/2016 17:07 355 7.42 0.24 -3.6 0.2 - 1.0 
Brusquet 22/11/2016 11:00 - 7.89 0.24 -3.2 0.2 - 1.5 
 
The oxygen isotope ratios of dissolved sulfate (δ18OSO4) differ in the two 
catchments, with a mean value of -5.5±0.8 ‰ (±SD, n=11) for the Laval, and a 
mean of -2.7±0.9 ‰ (±SD, n=7) for the Brusquet. The Laval values are higher but 
within the broad range of values sampled for local rainwater (-7.4±3.8 ‰, ±1SD, 
n=203), stream water sampled between 2001-2002 (-7.2±2.4 ‰, ±1SD, n=84), 
soil porewaters from the Moulin (-7.2±1.5 ‰, ± 1SD, n=43), and colluvium 
porewaters from the Laval ( -7.5±1.7‰, ± 1SD, n=24) published in Cras et al. 
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(2007). For 7 (out of 13) samples collected in the Laval paired measurements of 
δ18OSO4 and δ18Ow are available (Table 5.2). The oxygen isotope values measured 
in stream water vary between -6.33‰ and -4.88 ‰, with a mean value 
of -5.54±0.5 ‰ (± 1SD, n=7).   
 Discussion 
To better understand how oxidative weathering of sulfide minerals contributes 
to chemical weathering fluxes and the net transfer of inorganic carbon between 
rocks and the atmosphere (Hilton and West, 2020), we interrogate new data from 
two marl-dominated catchments in the Draix-Bléone CZO. The catchment pair 
experiences similar climatic conditions, but contrast in terms of their modern-
day runoff and sediment yields, which is linked to their vegetation cover (Carriere 
et al., 2020; Mathys et al., 2003). Here we determine relative roles of silicate and 
carbonate mineral weathering and assess the contribution of carbonic versus 
sulfuric acid. We further explore the oxidation environment using isotopic 
compositions of sulfate in stream water (Turchyn et al., 2013). Finally, we discuss 
how seasonal variations in runoff and temperature impact sulfide oxidation rates 
across differences in physical erosion between the two catchments.  
5.5.1 Carbonate versus silicate weathering 
5.5.1.1 Cation source partitioning 
To determine weathering rates and the CO2 budget on a catchment scale, the 
dissolved load concentrations are apportioned between carbonate and silicate 
lithological sources (Burke et al., 2018; Gaillardet et al., 1999; Jacobson and Blum, 
2003; Torres et al., 2016). The high Ca/ΣCat+ ratio of ~0.8–1.0 of solid samples 
suggests that the lithology of both catchments is dominated by carbonate over 
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silicate minerals (Figure 5.2A). To assess their contributions to the dissolved 
load, we attempt to constrain the local composition of silicate versus carbonate 
end-members (Quade et al., 2003) using seep and porewaters samples (Figure 
5.5A). The seep samples are thought to originate from deeper water reservoirs, 
therefore, their chemistry is inferred to reflect the signal of chemical weathering 
reactions requiring longer reaction times, such as silicate weathering (Maher, 
2010; Tipper et al., 2006). In contrast, the chemistry of porewaters reflects 
reactions with rapid kinetics, such as carbonate weathering (Calmels et al., 2011). 
Plotted together, the seep and porewater samples collected in the Laval (Figure 
5.5A) cover the range of Ca/Na and Mg/Na ratios that have been identified for 
silicate and carbonate end-members in a global assessment (Gaillardet et al., 
1999).  
The dissolved load of the Laval and Brusquet stream waters plots on a trend 
between the carbonate and silicate end-member (Figure 5.5B). We apply well 
established techniques to partition the cations between the carbonate and silicate 
sources (Galy & France-Lanord, 1999) assuming that: i) Cl- is a conservative 
element and, as such, it is only derived from dissolution of evaporate minerals 
and atmospheric precipitation; and ii) Na+ is mainly sourced from weathering of 
alumosilicate phases and evaporites. Then the Cl- derived from evaporite (Clevap) 
dissolution is calculated with Equation 5.9. 
Where Clstream is the Cl- concentration measured in stream water and Clcrit is the 
critical Cl- concentration as determined in section 5.4.3 above. Furthermore, Na+ 
derived from silicate fraction (Nasil) may be isolated as follows in Equation 5.10. 
 𝐶𝑙𝑒𝑣𝑎𝑝 = 𝐶𝑙𝑠𝑡𝑟𝑒𝑎𝑚 − 𝐶𝑙𝑐𝑟𝑖𝑡 (5.9) 
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Finally, the carbonate fraction of Ca2+ (Cacarb; Equation 5.11) and Mg2+ (Mgcarb; 
Equation 5.12) are calculated: 
here Ca*stream and Mg*stream are the concentrations measured in stream water, 
corrected for atmospheric inputs (Section 5.4.3) and (Ca/Na)sil and (Mg/Na)sil are 
ratios from the literature (Figure 5.5A, Gaillardet et al., 1999). The silicate 
fraction (Casil and Mgsil) is determined by subtracting the carbonate fraction from 
the total concentration corrected for atmospheric input. A Monte Carlo sampling 
approach is used to account for uncertainty in the composition of the carbonate 
and silicate end-member.  
This method assumes congruent dissolution of silicate rocks and a 
conservative behavior of the solutes, which may be violated in a case of removal 
of Ca2+ by the precipitation of secondary carbonates, as previously observed in 
catchments experiencing high erosion rates, such as in the Himalaya, e.g. 
Bickle et al. (2015), English et al. (2000), Galy & France-Lanord (1999). 
Precipitation of secondary carbonates is expected in Draix catchments, due to 
extreme seasonal differences in air temperature and low runoff and this can 
result in overestimation of the silicate fraction. Precipitation of secondary 
fractions require further investigations in the studied catchments.  
 𝑁𝑎𝑠𝑖𝑙 = 𝑁𝑎𝑠𝑡𝑟𝑒𝑎𝑚
∗ − 𝐶𝑙𝑒𝑣𝑎𝑝 (5.10) 
 𝐶𝑎𝑐𝑎𝑟𝑏 = 𝐶𝑎𝑠𝑡𝑟𝑒𝑎𝑚
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The cations exported by the Laval have a notable contribution from 
silicate weathering, which varies between 22 % and 44 %. In contrast, the 
contribution of cations from silicate minerals in the Brusquet is estimated to be 
minor (<8 %; Figure 5.5B). In both catchments, the proportion of cations derived 
from silicate versus carbonate weathering is related to discharge. The silicate 
fraction dominates during the low flow regimes and the carbonate fraction during 
the high flow regimes. This is consistent with previous work showing that a 
longer fluid residence time results in a higher silicate fraction in steep catchments 
around the world (Calmels et al., 2011; Tipper et al., 2006; Winnick et al., 2017).  
5.5.1.2 Silicate and carbonate annual weathering rates 
The cation partitioning allows us to determine silicate cation and carbonate 
annual weathering rates applying the same approach as presented in Chapter 2, 
 
Figure 5.5: Cation partitioning of carbonate and silicate sources in 
stream water. A: Ca/Na and Mg/Na molar ratio in seeps and porewaters 
collected at the Laval catchment. The rectangles are marking the global 
assessment of silicate and carbonate end-member (Gaillardet et al., 1999). B: 
Ca*/Na* and Mg*/Na* molar ratio (corrected for atmospheric inputs) in time 
series water samples collected at the catchment outlet for the Laval (grey-
shaded circles) and the Brusquet (green-shaded squares). The time series data 
is color-coded by discharge.  
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Section 2.3.4, p44. In short, the continuous measurements of stream discharge, 
high-temporal sampling frequency of storm events (over hours), and ~monthly 
sampling of low flow regime, are modelled by a combination of linear 
interpolation for estimating solute concentrations during high flow regime and a 
seasonal sine-cosine model to estimate solute concentrations during low flow 
regime. Total silicate cation (JSil=NaSil++K++CaSil2++MgSil2+), Ca+Mg silicate 
(JCa+MgSil=CaSil2++MgSil2+) and carbonate (JCarb=CaCarb2++MgCarb2+) annual 
weathering rates in t km-2 yr-1 are calculated and the uncertainty is estimated by 
using an error propagation of the analytical error, data variability, and error 
associated with carbonate and silicate proportion of cations.  
As suggested from cation-source partitioning (Figure 5.5), carbonate 
weathering rates dominate over the silicate cation weathering rates in both 
catchments (Table 5.3). In the Laval, the mean carbonate weathering rate 
between the two sampling years is 63.5±20.4 t km-2yr-1, while the mean total 
silicate cation weathering rate is approx. half that, at 36.3±9.8 t km-2 yr-1. In the 
Brusquet, the mean carbonate weathering rate is 19.0±3.4 t km-2yr-1 and the 
mean silicate cation weathering rate is much lower, at 1.4±0.2 t km-2yr-1. The 
dominance of carbonate weathering rates in mountain catchments has been 
shown in many other studies, even when carbonate fraction represent only a 
minor proportion of the weathered lithology (e.g. English et al., 2000; Galy & 
France-Lanord, 1999; Jacobson & Blum, 2003; Karim & Veizer, 2000). This has 
been attributed to much faster kinetics of carbonate mineral dissolution 
compared to silicate minerals (Morse and Arvidson, 2002). The fast kinetics of 
carbonate weathering in the Laval catchment is supported by the relatively high 
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Ca and Mg loss (~20 %) from the surface rocks samples (“rock-surface”) 
compared to the drilled samples (“rock-drilled), while negligible change in tau 
values of elements associated to silicate weathering across the same sample-set 
is observed (Figure 5.2B).  
A notable difference between the two catchments is in their respective 
silicate cation weathering rates, which are more than 25-times higher in the Laval 
compared to the Brusquet (Table 5.3), even though both catchments drain similar 
lithologies (Figure 5.2A). This may reflect the acidity source that drives the 
mineral dissolution. Sulfuric acid may enhance the dissolution of silicate minerals 
(Blattmann et al., 2019; Calmels et al., 2007) and result in elevated concentrations 
of silicate-derived solutes in stream water (Cras et al., 2007; Ross et al., 2018). 
The role of sulfuric acid weathering is also critical to establish in terms of 
assessing the impact on the net carbon transfers. As such, we now turn to assess 
the source of sulfate in the stream water, and the role of carbonic versus sulfuric 
acid weathering in these catchments.  
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Table 5.3. Chemical weathering rates in the Laval and Brusquet. 
 














t km-2 yr-1 
Ca+Mg 
Silicate 
t km-2 yr-1 
Carbonate 
t km-2 yr-1 




t km-2 yr-1 
Carbonate 
t km-2 yr-1 
Carbonate 
t km-2 yr-1 
11/09/2016-
10/09/2017 
Laval 865 294 
Complete 29.3 ± 1.7 13.4 ± 0.8 49.1 ± 1.8 1.02 ± 0.6 1.9 ± 1.1 17.1 ± 1.4 
High flow 9.3 ± 1.3 4.2 ± 0.6 29.7 ± 1.6    
Low Flow 20.0 ± 1.1 9.2 ± 0.5 19.4 ± 0.7 
11/09/2017-
10/09/2018 
Laval 1157 485 
Complete 43.2 ± 4.5 19.7 ± 2.6 77.9 ± 12.4 1.5 ± 1.0 3.0 ± 1.9 27.1 ± 1.9 
High flow 16.7 ± 1.9 7.5 ± 0.9 48.3 ± 3.0    
Low Flow 26.5 ± 2.1 12.2 ± 1.0 29.7 ± 1.8 
14/10/2016-
13/10/2017 
Brusquet 757 123 
Complete 1.5 ± 0.4 1.04 ± 0.4 16.6 ± 1.4 0.26 ± 0.12 2.2 ± 0.5 4.0 ± 0.8 
High flow 0.5 ± 0.09 0.2 ± 0.06 10.4 ± 0.6    
Low Flow 1.0 ± 0.4 0.8 ± 0.4 6.2 ± 0.4 
14/10/2017-
13/10/2018 
Brusquet 957 144 
Complete 1.2 ± 0.2 0.59 ± 0.14 21.4 ± 2.4 0.15 ± 0.06 2.9 ± 0.7 5.1 ± 1.1 
High flow 0.6 ± 0.1 0.35 ± 0.08 10.5 ± 0.74    
Low Flow 0.6 ± 0.1 0.24 ± 0.09 10.8 ± 0.23 
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5.5.2 Contribution of sulfide oxidation to dissolved sulfate 
The high dissolved SO42- concentrations measured in both catchments suggest 
that pyrite oxidation may produce sulfuric acid that supplies protons involved in 
chemical weathering. To explore this hypothesis, we must identify the source of 
dissolved SO42- (Calmels et al., 2007). The main sources of SO42- in river waters 
alongside the oxidation of sulfide minerals are atmospheric deposition and 
dissolution of sulfate-bearing evaporite minerals (Karim and Veizer, 2000). In 
addition, secondary processes may act on the SO42- pool in river catchments, for 
instance microbial sulfate reduction (Turchyn et al., 2013). In the studied 
catchments, the contribution of atmospherically derived SO42- is negligible 
(Section 5.4.3) and chemical weathering dominates the dissolved load. In the 
following, the potential role of sulfide oxidation, evaporite dissolution, and 
evidence for sulfate reduction, is explored using S and O isotopes and major ion 
ratios.  
5.5.2.1 Dominance of sulfide oxidation in the Laval catchment 
The sulfate in water samples collected in the Laval catchment has a mean δ34SSO4 
value of -2.3±1.25 ‰ (±1SD, n=12), which is within the range of δ34S values 
measured in the bulk S pool of bedrocks in the catchment, -6.7 ‰ and -1.3 ‰ 
(Figure 5.6A). Disseminated pyrite is common in the Laval rocks (Graz et al., 
2011) and the bulk S pool is likely to be dominated by sulfides. The δ34S values of 
sulfate derived from sulfide oxidation can track the parent material, due to  
negligible fractionation during oxidation (Taylor et al., 1984). The variability in 
δ34SSO4 values in the Laval (from -3.7 ‰ to +0.5 ‰) could reflect variability in 
the pyrite S isotope composition within the catchment. For instance, a pyrite vein 
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sampled from Laval has an isotopically heavy δ34S value (+9.2 ‰), suggesting 
that vein-derived sulfides may contrast in isotopic composition from 
disseminated pyrite within the marl bedrock. This is plausible since the δ34S 
signature of the disseminated pyrite reflects the environment and mechanisms of 
sulfur incorporation during the sediment deposition in the ocean (Fisher and 
Hudson, 1987). Opposite, δ34S signal in pyrite veins varies between the 
hydrothermal fluid sources and/or temperature of hydrothermal fluids 
responsible for the formation of the pyrite veins. The lower δ34SSO4 values in the 
Laval stream could indicate that larger pyrite veins are not common, and/or less 
susceptible to physical and chemical weathering than the disseminated pyrite in 
the fractured marl lithology.  
Previous studies form the Laval catchment have proposed that high 
concentrations of Cl- and SO42-, particularly at low discharge, could be due to 
dissolution of evaporite minerals (Cras et al., 2007; Marc et al., 2017). At the time 
of deposition in the middle to upper Jurassic (Bajocian to Oxfordian), δ34S values 
associated to seawater were ~ +15 ‰ to +18 ‰ (Claypool et al., 1980; Gill et al., 
2011), which contrasts to the low δ34S values measured in the Laval 
(-2.3±1.25 ‰; ±1SD, n=12). This is further supported by the low Ca2+/SO42- ratio 
of ~0.5 (Figure 5.6B). If SO42- was sourced from gypsum dissolution, Ca2+/SO42-









5.5.2.2 Origin of high δ34SSO4 values in the Brusquet catchment 
In the Brusquet, the δ34SSO4 values are higher, reaching +10.5 ‰ (Figure 5.6A). 
The contrast between the two catchments could reflect the depositional 
environment of the black shales across the Toarcian Oceanic Anoxic Event 
(T-OAE) that outcrop in the Brusquet but not in the Laval (Figure 5.1). This could 
result in different δ34SSO4 values of sulfides (Pasquier et al., 2021), influence the 
 
Figure 5.6: Sulfate source. A: Stable oxygen (δ18OSO4) versus sulfur (δ34SSO4) 
isotope on dissolved sulfate in the Laval (circles) and the Brusquet (squares), 
and δ34S on solid phase samples collected in the Laval (diamonds, light grey 
edge) and Brusquet (diamonds, blue edge). Similar δ34S in water and solid 
samples in the Laval suggest a common source. Yellow shading show expected 
isotopic composition of dissolved sulfate during oxidative weathering of 
pyrite. Blue shading shows expected isotopic composition of dissolved sulfate 
originating from evaporite dissolution. B: Ca/SO4 molar ratio vs. δ34SSO4 in the 
Laval stream water samples (circles), Brusquet stream water samples 
(squares). 
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relative contribution of gypsum, and/or reflect sulfate reduction that can 
fractionate δ34SSO4 values (Hemingway et al., 2020; Turchyn et al., 2013).  
Potential sulfur-bearing evaporite minerals (e.g. gypsum) in the Brusquet 
catchment may have higher δ34S values than those of the Laval. The positive S 
isotope excursion recorded during the T-OAE resulted in seawater sulfate δ34S 
values reaching ~+24‰, (Gill et al., 2011; Newton et al., 2011). Thus, dissolution 
of Toarcian evaporites could result in the higher δ34SSO4 values measured in the 
Brusquet. An evaporite source of SO4 is also consistent with the high Ca2+/SO42-  
ratios of the stream water in the Brusquet (Figure 5.6B), with a mean of 0.9±0.3 
(± 1SD, n=8), which is typical of evaporite dissolution (Turchyn et al., 2013).  
However, there are other lines of evidence, which suggest a less important 
role of evaporite inputs in the SO4 budget of the Brusquet. Lower Cl- and Na+ 
concentrations in the dissolved load (Figure 5.3) and the negative δ18OSO4 signal 
(-2.7±0.9‰; ± 1SD, n=7) contrasts values expected for Jurassic seawater and any 
associated SO4-bearing evaporates (δ18OSO4~+10‰; Claypool et al., 1980). 
Indeed, the δ18OSO4 values of the Brusquet stream waters are more similar to the 
δ18O values of rainwater, with a mean value of -7.4±3.8‰ (±1SD, n=203, Cras et 
al., 2007). This would be consistent with an oxygen source of the dissolved SO4 
incorporated during pyrite oxidation (Equation 5.3; Taylor et al., 1984).   
Shales deposited during the Toarcian Anoxic Event globally exhibit a 
positive S isotope excursion (Newton et al., 2011). Fractionation between 
seawater SO42- and authigenic pyrite can vary between ~70 ‰ to <5 ‰ (the 
reduced phase having lower values) depending upon the sedimentation rate of 
the depositional environment (Pasquier et al., 2021). As such, a seawater value of 
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+24 ‰ during the anoxic event (Gill et al., 2011; Newton et al., 2011) could 
translate into a pyrite S isotope value that is higher than the rocks in the 
neighboring Laval catchment. A δ34S value of pyrite of between +6 ‰ and +11 ‰ 
is thus reasonable, and could explain the Brusquet stream SO42- isotopic 
composition (Figure 5.6). Indeed, the bulk rock samples from Toarcian outcrops 
of the catchment with no visible evidence for evaporites have positive δ34S values 
between +18.4 ‰ and +22.0 ‰ (Figure 5.6A). Therefore, the higher δ34SSO4 
values in the Brusquet can also result from oxidation of pyrite with a higher δ34S 
composition, which would be consistent with the negative δ18OSO4 values (Figure 
5.6A and Table 5.2).  
A final possibility is that the more positive δ34SSO4 values in the Brusquet 
result from isotopic fractionation during microbial sulfate reduction. This 
process is most pronounced in reducing environments, with sufficient availability 
of sulfate and organic matter (Tuttle et al., 2009). Bacterial sulfate reduction can 
modify δ34SSO4 values in the range of ~+2 ‰ to +42 ‰ (Detmers et al., 2001), 
depending on temperature, pH, and the nature of the reducing bacteria. During 
this process, O isotopes are also thought to be fractionated, modifying the δ18OSO4 
by ~25% of the magnitude of the S isotope fractionation (Aharon and Fu, 2000). 
Bacterial sulfide reduction has been invoked to explain a shift towards more 
enriched δ34SSO4 and δ18OSO4 in catchments with developed thicker organic rich 
soils, denser vegetation cover, and warm climate, providing more favorable 
conditions for sulfate reducing bacterial communities (Hemingway et al., 2020; 
Turchyn et al., 2013). The Brusquet catchment has certain characteristics that 
may support the bacterial sulfide reduction. The source of organic matter in the 
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Brusquet catchment could be either the ancient OC in black shales (Graz et al., 
2012), or more recent organic matter in surface soils derived from the denser 
vegetation cover, which is not so prevalent in the Laval catchment (Mathys and 
Klotz, 2008). However, the soil is still only weekly developed in many places of 
the catchment due to the recent change in land use (Burylo et al., 2011).   
In summary, the measured δ34SSO4 and δ18OSO4 values in the Brusquet could, 
like in the Laval, be explained by pyrite oxidation. However, a role of sulfate 
reduction cannot be ruled out and requires further attention in future studies.  
5.5.3 Temporal decoupling of sulfate production and its fluvial export 
The oxygen isotope ratio of dissolved sulfate (δ18OSO4) has been recognized as a 
proxy to track the oxidation pathway of sulfide minerals (Calmels et al., 2007; 
Taylor et al., 1984; Turchyn et al., 2013). Here, the oxidation environment of 
pyrite minerals is investigated and linked to different water reservoirs in the 
Laval catchment, which have been previously characterized in hydrological 
models by Cras et al. (2007) and Marc et al. (2017). Identifying the environment 
of pyrite oxidation and water pathways involved in SO42- mobilization may reveal 
factors controlling the pyrite oxidation, production of sulfuric acid and 
consequently, weathering fluxes.  
Oxidation of pyrite occurs under either aerobic or anaerobic conditions, 
with either atmospheric oxygen (Equation 5.3) or ferric iron Fe3+ (Equation 5.4) 
being the dominant oxidant agent, respectively (Taylor et al., 1984). The resultant 
value of δ18OSO4 is set when the aqueous sulfate molecule is formed, and not 
thought to undergo subsequent oxygen isotope exchange with H2O (Lloyd, 1968; 
Taylor et al., 1984). The large isotopic difference between δ18O of the atmosphere 
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(~+23 ‰) and meteoric water (<0 ‰) suggests that SO4 formed by the oxidation 
of atmospheric oxygen may result in a more positive δ18OSO4 signal than δ18OSO4 
formed by the Fe3+ cycling (Balci et al., 2007; Taylor et al., 1984). Therefore, the 
light δ18OSO4 values measured in the studied catchments (Table 5.2, Figure 5.6A) 
would indicate that pyrite oxidation is taking place in an environment with liquid 
water present (Calmels et al., 2007; Taylor et al., 1984).  
However, the δ18OSO4 is not only controlled by the oxygen sources 
(atmosphere vs. meteoric water), but also by isotopic fractionation during oxygen 
uptake (Balci et al., 2007; Taylor et al., 1984). This can lead to a contrast between 
δ18OSO4 and δ18OW values, Δ18OSO4-W. Laboratory studies generally reported 
Δ18OSO4-W values between +2.6 ‰ and +4.1 ‰ during oxygen uptake into the SO4 
(Balci et al., 2007; Taylor et al., 1984; van Everdingen and Krouse, 1985). Previous 
studies from large river catchments with dominant pyrite oxidation signature 
report higher Δ18OSO4-W values. For example, in the Mackenzie river system the 
mean Δ18OSO4-W is +13.6 ± 3.7 ‰ (± SD, n=20; Calmels et al., 2007), suggesting an 
exchange of wet and dry conditions within the oxidation environment (Calmels 
et al., 2007). The tributaries of the Marsyandi catchment in the Nepalese 
Himalaya show a large range of Δ18OSO4-W, between +3.0 ‰ and +22.2 ‰ and the 
lower values were explained by deep anoxic pyrite oxidation, involving δ18Ow 
depleted groundwater (Turchyn et al., 2013). The lowest Δ18OSO4-W found in 
Marsyandi relate to Δ18OSO4-W values reported in anaerobic laboratory 
experiments (Fe3+ oxidant; Equation 5.4) conducted under low pH (2-5).  
In contrast to previous work, the samples from the Laval have very similar 
δ18OSO4 and δ18OW values, with a mean Δ18OSO4-W of +0.6 ± 0.6 ‰ (± SD, n=7). To 
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explain the low Δ18OSO4-W values observed in the Laval we suggest a decoupling of 
the water source involved in pyrite oxidation (setting δ18OSO4) and the water that 
mobilizes SO4 from the weathering zone (setting δ18OW). Cras et al. (2007) 
proposed that pyrite oxidation in the Laval occurs in temporary, oxygen-depleted 
shallow surface water reservoirs. Porewater samples collected below 40 cm 
depth from regosols (in the Moulin catchment) or in colluvium (the Laval 
catchment), have depleted δ18OW signal with a mean value of -8.4 ±1.0 ‰ (±1SD, 
n=25). These porewater samples share their isotopic composition with winter 
stream water, suggesting recharge of shallow water aquifers during this time of 
the year (Figure 5.7A). If these porewaters represent the type of water that is 
involved in the oxidative weathering reactions in the near sub-surface (yellow 
shading in Figure 5.7B), they would result in a fractionation factor, Δ18OSO4-PW 
between +1.5 ‰ and +4.1 ‰, which is comparable with laboratory experiments 
(Balci et al., 2007). An expanded set of stream water δ18OSO4 and δ18OW analyses 
from this catchment would help to shed light on this hypothesis. However, we 
note that the decoupling between the products of chemical weathering and their 
export was also observed in the study on the Re oxidation (Chapter 4) and its 
further discussed in Section 5.5.6. 
CHAPTER 5 





5.5.4 The source of acidity for chemical weathering  
The source of acid for chemical weathering reactions, i.e. carbonic acid versus 
sulfuric acid, plays a central role in the impact on the catchment-scale CO2 budget. 
Carbonic acid weathering can drawdown atmospheric CO2 into the river 
bicarbonate pool (Equation 5.1), while sulfuric acid weathering can result in the 
release of CO2 from the carbonate mineral matrix to the atmosphere 
(Equation 5.5) – i.e. release of C stored in rocks for millions of years as CO2. The 
main products of carbonic and sulfuric acid weathering are bicarbonate (HCO3-) 
and sulfate (SO42-), respectively. To partition between the two acid sources, the 
HCO3- and SO42- concentrations can be normalized for the weathered mineral unit, 
characterized as a sum of total cations (∑Cat+ = Na+ + K+ + Mg2+ + Ca2+) in unit 
equivalent (Figure 5.8). 
 
Figure 5.7: The oxidation environment of pyrite. A: Stable oxygen isotope 
of porewaters (δ18OPW; yellow squares) collected in Laval and Moulin in 2002 
show more depleted δ18O signal compared to stream water samples (δ18OW; 
grey squares). A mean δ18OPW is -8.4 ± 1‰ (yellow rectangle). B: If the 
porewaters are involved in pyrite oxidation then the Δ18OSO4-PW is 1.5 to 4.1 ‰, 
which is in range of isotopic fractionation during anoxic pyrite oxidation 
observed in laboratory studies. Data on δ18O of stream water and porewaters 
are from aMarc et al. (2016) and bCras et al. (2007). 
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In this framework, the ions in the stream are explained by some 
combination of: i) carbonic acid weathering; ii) sulfuric acid weathering 
producing HCO3 (alkalinity); or iii) sulfuric acid weathering producing gas (CO2) 
that does not enter stream water. These pathways result in distinct end-member 
values of HCO3/∑Cat+ and SO4/∑Cat+ (Table 5.4). We note that silicate weathering 
by sulfuric acid does not produce any net transfer of C, and so this pathway cannot 
be distinguished from sulfuric acid weathering that produces CO2. 
Table 5.4. Theoretical stoichiometry of the weathering reactions involved 
in the carbonate and silicate weathering. The sulfate and bicarbonate 
concentrations are normalized to a mineral unit, characterized by a sum of 
cations (∑Cat+= Na+ + K+ + Mg2+ + Ca2+) in unit equivalent.  
Lithology Acid source HCO3- SO42- HCO3/∑Cat+ SO4/∑Cat+ 
Silicate 
Carbonic 2 0 1 0 
Sulfuric 0 1 0 1 
Carbonate 
Carbonic 2 0 1 0 
Sulfuric (alkalinity) 1 0.5 0.5 0.5 
Sulfuric (CO2) 0 1 0 1 
 
 
Figure 5.8: Partitioning carbonic acid and sulfuric acid weathering 
reactions. The end-members follow reactions stoichiometry (Table 5.4). A: 
Model for the Laval catchment (grey circles). B: Model for the Brusquet 
catchment (green squares). Symbols in both plots are color-coded by 
discharge.    
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Previous studies have assumed that sulfuric acid-driven weathering of 
carbonate minerals results in the production of alkalinity, not CO2 release at the 
reaction site (Blattmann et al., 2019; Winnick et al., 2017). However, we find that 
none of the Laval samples can be explained by this mechanism. The SO42-/∑Cat+ 
values are too high, and HCO3-/∑Cat+ values in the Laval are too low. Instead, we 
have to invoke that a large part of the C liberated from carbonate weathering is 
released as a gas (CO2), and does not enter the stream water. At the Laval site we 
benefit from the first attempts to measure gases during oxidative weathering of 
sedimentary rocks (Soulet et al., 2018). This study reports significant local 
release of CO2 from the shallow weathering zone in the Laval catchment - directly 
supporting the observations from the stream.  
  In the Laval, sulfuric acid is clearly the dominant weathering agent, on 
average accounting for 90±6 % (±1SD) of mineral dissolution. We estimate that 
of this, 80±12 % results in direct CO2 release and 20±12 % results in produced 
alkalinity (Figure 5.8A). In the Brusquet, the sulfuric acid is also the dominant 
weathering agent, with on average 63±9 %, of which 28±15 % results in direct 
CO2 release and 72±15 % results in produced alkalinity (Figure 5.8B). Both 
catchments show a discharge dependency on the prevailing acidity source, as it 
has been previously observed in the East River (Colorado) by Winnick et al. 
(2017) and in catchments of the Nepalese Himalaya (Kemeny et al., 2021). In dry, 
low flow regimes, with limited water supply, higher contribution of sulfuric acid 
weathering resulting in direct CO2 release is observed (Figure 5.8). In contrast, 
during wet, high flow regimes, some of the carbon from carbonate dissolution by 
sulfuric acid is exported in water, entering the stream discharge as bicarbonate. 
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This reaction still results in a CO2 release, but on a time scale of carbonate 
precipitation in the ocean (106 years; Torres et al., 2014). A dynamic between 
direct release of CO2 to the atmosphere during dry, low flow periods and CO2 
bounding to water producing alkalinity during increased water supply has been 
also observed in direct measurements of gaseous CO2 from bedrock surface in the 
Laval (Soulet et al., 2021). In their study, a drop in gaseous CO2 fluxes is observed 
in the hours following precipitation events, which has been interpreted as CO2 
bounding into the bicarbonate and release to the stream dissolved load. 
Dominance of sulfuric acid weathering in both catchments may have a profound 
impact on the inorganic carbon budget, as discussed in the following.  
5.5.5 Catchment-scale inorganic carbon budget 
We now apply the silicate and carbonate weathering rates from the Section 
5.5.1.2, and proportion of the acid source from the Section 5.5.4. to assess the net 
inorganic carbon budgets for the studied catchments. First, the CO2 release rates 
through carbonate dissolution by sulfuric acid (Equation 5.13) is estimated from 
the carbonate weathering rate (JCarb = CaCarb2++MgCarb2+) and the mean proportion 
of sulfuric acid (𝑋𝐻2𝑆𝑂4̅̅ ̅̅ ̅̅ ̅̅ ̅). 
This calculation solely accounts for carbonate dissolution by sulfuric acid. The 
annual CO2 release rates associated to carbonate dissolution by sulfuric acid are 
substantial in both catchments, with a mean value across the two years of 
22.1±7.1 tC km-2 yr-1 for the Laval and 4.6±0.8 tC km-2 yr-1 for Brusquet 
(Table 5.3).  
 𝐽𝐶𝑎𝑟𝑏−𝑟𝑒𝑙. = 𝐽𝐶𝑎𝑟𝑏  ×  𝑋𝐻2𝑆𝑂4̅̅ ̅̅ ̅̅ ̅̅ ̅ (5.13) 
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Next, the long term CO2 consumption rates from silicate weathering 
(JSil-Cons.) in t km-2 yr-1 are calculated as follows in Equation 5.14 (Jacobson and 
Blum, 2003). 
Here, the JCa+MgSil (g km-2 yr-1) is the Ca+Mg silicate weathering rate, and 𝑋𝐻2𝐶𝑂3̅̅ ̅̅ ̅̅ ̅̅ ̅ is 
the mean fraction of carbonic acid involved in chemical weathering (Figure 5.8). 
The factor 2 arises from stoichiometric reaction between carbonic acid and 
plagioclase (Jacobson and Blum, 2003). The second reaction involved in the CO2 
consumption at the catchment scale is carbonate weathering by carbonic acid 
(Equation 5.15). 
Here, the JCarb is the carbonate weathering rate (g km-2 yr-1) and 𝑋𝐻2𝐶𝑂3̅̅ ̅̅ ̅̅ ̅̅ ̅ is the 
mean fraction of carbonic acid involved in chemical weathering. The factor 2 is 
not included in this calculation, since only half of the alkalinity produced from 
reaction of carbonic acid and carbonate is derived from atmospheric CO2 
(Gaillardet et al., 1999; Spence and Telmer, 2005). We note that over long time 
scales (>106 years) this reaction does not result in CO2 consumption, since the 
carbon supplied to the oceans through carbonate weathering is removed by 
calcite precipitation and returned to the atmosphere as CO2 
(Gaillardet et al., 1999). As expected from previous discussion, the CO2 
consumption rates associated to silicate weathering are low, at 
1.3±0.3 tC km-2 yr-1 in the Laval and 0.21±0.1 tC km-2 yr-1 in the Brusquet. The CO2 
consumption rates associated to carbonate weathering are somewhat higher, at 
 𝐽𝑆𝑖𝑙−𝐶𝑜𝑛𝑠. = 2 × 𝐽𝐶𝑎+𝑀𝑔𝑆𝑖𝑙  ×  𝑋𝐻2𝐶𝑂3̅̅ ̅̅ ̅̅ ̅̅ ̅ (5.14) 
 𝐽𝐶𝑎𝑟𝑏−𝐶𝑜𝑛𝑠. = 𝐽𝐶𝑎𝑟𝑏  ×  𝑋𝐻2𝐶𝑂3̅̅ ̅̅ ̅̅ ̅̅ ̅ (5.15) 
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2.5±0.8 tC km-2 yr-1 in the Laval and 2.6±0.5 tC km-2 yr-1 in the Brusquet 
(Table 5.3) 
 
Both catchments result in a net source of CO2 from rock to the atmosphere, 
with large fluxes of carbonate weathering by sulfuric acid being the driving 
processes of the positive CO2 balance (Figure 5.9). A striking observation here is 
that the potential CO2 drawdown by silicate weathering is more than 15-times 
lower than the CO2 release by sulfuric acid weathering of carbonate across both 
catchments. The low CO2 consumption rates presented for the highly erosive 
Laval could be explained by the kinetic-limited silicate weathering (Calmels et al., 
2011; Jacobson and Blum, 2003), opposite to supply-limited sulfide mineral 
oxidation (Hilton and West, 2020; Kemeny et al., 2021; Nevers et al., 2020). 
Recently, Bufe et al. (2021) showed that in sedimentary catchments, where 
silicate, carbonate, and sulfide weathering regimes co-operate, the products of 
carbonate weathering could buffer the weathering fluids, which would prevent 
 
Figure 5.9: Catchment scale inorganic carbon budget for the timescale 
<106 years. The potential CO2 sinks through silicate weathering by carbonic 
acid (blue) and carbonate weathering by carbonic acid (green) for the two 
measurement years (Y1, Y2). The potential CO2 release by carbonate 
weathering by sulfuric acid (yellow). All estimates are in tC km-2 yr-1.  
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the increase in silicate weathering rates. This is most probably explanation for 
the carbon balance presented for the Laval and Brusquet. 
Overall, we observe a distinct contrast between the two studied 
catchments in the rates of carbonate dissolution by sulfuric acid, which are more 
than 5-times higher in the Laval compared the Brusquet (Table 5.3). In the 
following, we provide constrains on factors that may drive this these processes 
and may help explaining the difference between the two study sites.    
5.5.6 Controls on sulfuric acid production  
5.5.6.1 Supply-limited sulfide weathering 
The differences in the chemical weathering rates between the Laval and Brusquet 
catchments may be explored through their contrasting erosion rates and 
consequently the rate of exposure fresh mineral surfaces available for oxidation. 
One measure of erosion is the suspended sediment yield, which is positively 
correlated with CO2 release from carbonate weathering by sulfuric acid (Calmels 
et al., 2007; Hilton and West, 2020; Torres et al., 2014), as presented in Figure 
5.10. The suspended sediment yield export is more than two-orders of magnitude 
lower in the Brusquet (45 t km-2yr-1 and 492 t km-2yr-1; 10/2016 – 10/2017 and 
10/2017 – 10/2018, respectively) compared to the Laval (8,693 t km-2yr-1 and 
15,829 t km-2yr-1; 09/2016 – 09/2017 and 09/2017 – 09/2018, respectively). 
The Laval catchment follows the global trend, showing similar CO2 release rates 
as high erosive catchments in Taiwan (Das et al., 2012; Torres et al., 2014), 
suggesting that sulfide weathering could be partly limited by the supply of the 
fresh mineral surfaces to the near surface weathering zone (Calmels et al., 2007). 
The dominant role of mechanical erosion on sulfide weathering has been 
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previously shown in several landslides studies in New Zealand (Emberson et al., 
2016a), Taiwan (Emberson et al., 2016b), the French Alps (Nevers et al. 2020) 
and in catchments across a large erosion gradient in south Taiwan (Bufe et al., 
2021).  
 
The Brusquet displays a deviation from the global trend in the 
10/2016 – 10/2017 observation period (Figure 5.10), which may result from 
decoupling of actual physical degradation of the bedrock and suspended 
sediment yield export. Previous studies have suggested that a dense vegetation 
cover may act as a cascade for sediment transport within catchments (e.g. Fryirs, 
2013; Kirchner et al., 2001), meaning that the suspended sediment yield measure 
may underestimate the actual erosion rate (Milliman and Syvitski, 1992). That 
may be the case for the Brusquet, where in average 85 % of the surface area has 
been afforested in the 19th century (Mathys and Klotz, 2008). Field observations 
revealed that the vegetation is particular dense in the lower part of the 
 
Figure 5.10. Physical erosion as a control on the CO2 release from 
carbonate dissolution by sulfuric acid. Literature data (dark grey) with new 
data from Laval (yellow squares) and Brusquet (yellow diamonds).  
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catchment, while steep, non-vegetated black shales and marl outcrops remained 
exposed in the catchment headwaters. These outcrops may still experience high 
physical and chemical rock degradation, which is reflected in high concentration 
of dissolved components (Figure 5.3). After a significant change in land use, a 
sufficient time is required for the chemical weathering regime to reach a steady-
state of mineral supply (West et al., 2005). The soil cover in the Brusquet is 
generally thin (~10 cm), containing larger fragments of the weathered lithology 
(Cosandey et al., 2005; Graz et al., 2011), suggesting that the soil is in the early 
stages of development and that chemical weathering rates are not at steady-state. 
The impact on the chemical weathering rates with the change in land use is an 
interesting feature of the Brusquet catchment, which requires further 
investigation.   
5.5.6.2 Temperature control on sulfuric acid production 
The Mediterranean-Alpine climate at the research sites has a strong seasonal 
cycle in temperature, and this could drive differences in the rates of sulfide 
oxidation and associated CO2 release. This is of particular relevance in 
catchments with high erosion rates and rapid supply of fresh mineral surfaces 
such as the Laval. Indeed, in 5 chambers installed in the Laval catchment to 
monitor gaseous CO2 release, a seasonal variability is observed (Soulet et al., 
2021), which would imply a seasonal variability in the reaction products. To our 
best knowledge, this is the first time that independent datasets on dissolved 
stream load and direct gas measurements can be directly compared, by 
simultaneously tracking evidence for seasonal variability in sulfide oxidation in 
the dissolved load. 
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The seasonality in the low flow and the SO4 flux is shifted (Figure S5.1, 
Supplementary figures), with highest fluxes occurring in autumn and winter 
months. Due to the flashy hydrograph nature of the studied catchments with 
extreme fluxes during storm events and low, ambient fluxes in the intermediate 
periods, the chemical weathering products are flushed episodically during the 
distinct intensive storm events (Mathys and Klotz, 2008). Therefore, instead of 
fluxes, the SO42-/HCO3- ratio in the low flow regime is used as a proxy to track 
production of sulfuric acid. The first indications of seasonal variability in 
SO42-/HCO3- ratio come from cold seep samples, which have higher SO42-/HCO3- 
ratio in the summer ~77 than in winter ~2 (Figure 5.4B). Similarly, elemental 
ratios (SO42-/HCO3-) measured at low flow regimes show a notable seasonality as 
well (Figure 5.4B). A positive correlation between mean monthly temperature 
and low flow SO42-/HCO3- ratio, is found through an exponential growth model: 
𝑦 =  𝑦0  × exp (𝛼𝑇) in Figure 5.11. The growth rate parameter (α) in Figure 5.11 
applied to the low flow data from this study is 0.08±0.03 °C-1. This is remarkably 
similar to the α value range 0.057–0.079 °C-1 of the exponential model that 
describes how measured CO2 flux attributed to carbonate dissolution increases 
with temperature at the Laval site (Soulet et al., 2021). The seasonality in direct 
measurements of CO2 fluxes (Soulet et al., 2021) and low flow SO42-/HCO3- ratio, 
suggests a strong temperature dependency of these processes.  
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The increase in pyrite oxidation and sulfuric acid production with 
increased temperature is also supported in laboratory studies (e.g. Janzen et al., 
2000; Steger, 1982). Temperature can enhance microbial activity that can oxidize 
sulfide minerals (Calmels et al., 2007; Percak-Dennett et al., 2017). For example, 
Thiobacilli, one of most common bacteria involved in oxidation of inorganic sulfur 
compounds to sulfuric acid are most active in temperature range between 20 °C 
and 55 °C (Belzile et al., 2004). This is within the range of summer temperatures 
in the researched catchment (+15 °C to +35 °C). The sharp increase in the 
SO4-2/HCO3- ratio in the monthly average temperatures above 15°C as seen in 
 
Figure 5.11: Temperature and microbial control on the production of 
sulfuric acid. SO42- over HCO3- ratio measured in the low flow samples is used 
as a proxy for sulfuric acid production. The red line represents exponential 
grow fit through the data; the pink shading represents the 95% confidence 
interval. The grow rate parameter (α) is given. The green shading shows steep 
growth of the SO42-/HCO3- ratio in a narrow temperature range between 15 °C 
and 20 °C. The activity of microbes involved in pyrite oxidation is enhanced in 
this temperature range. 
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Figure 5.11 would suggest that the activity of microbes involved in pyrite 
oxidation is enhanced in this temperature range. 
In contrast to the Laval, there is negligible seasonality in low flow 
SO42-/HCO3- ratio (Figure 5.4D) and total SO4 flux observed in the Brusquet 
(Figure S 5.2, Supplementary figures). Different factors may govern this steady 
SO4 export in the Brusquet throughout the year. First, higher vegetation cover 
and a more developed organic soil layer in Brusquet means that the overall 
physical erosion rates are lower (Carriere et al., 2020; Mathys et al., 2003), 
resulting in lower oxidation rates (Brantley et al., 2013) and potentially 
developing deeper chemical weathering fronts. Hercod et al. (1998) came to a 
similar conclusion when studying seasonal production of H2SO4 in a small, slowly 
eroding and densely vegetated watershed, White Rock Creek in Dallas, USA. 
Second, the differences in the production of sulfuric acid between the two 
investigated catchments could also result from a difference in water table level 
and variable saturated/non-saturated conditions within the catchments (Mathys 
et al., 2005). The prolonged and delayed storm events in the Brusquet (Cosandey 
et al., 2005; Mathys and Klotz, 2008) suggest higher soil saturation rates. Due to 
slower oxygen diffusion rates through saturated environments (Brantley et al., 
2013; Manning et al., 2013), lower H2SO4 production rates may be expected in 
regions with more developed soil cover.  
In summary, our results suggest that low flow stream water chemistry 
ascertain a pronounced seasonality in sulfuric acid production in a catchment 
characterized by high erosion rates, large areas of bare surfaces, and a temperate 
climate (the Laval). In the same climatic environment, vegetation and soil cover 
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may buffer the temperature control, and create more saturated environment, 
resulting in more even sulfuric acid production and export throughout the year 
(the Brusquet).  
 Conclusions 
In this study, we investigate the inorganic carbon budget associated with 
chemical weathering of carbonate and silicate minerals in two marl-dominated 
catchments (the Laval and Brusquet) in the South French Alps. Both catchments 
drain carbonate and sulfide mineral-bearing rocks and have similar climate, but 
large differences are observed in the present-day suspended sediment yield and 
the extent of the vegetation cover. High temporal resolution time-series sampling 
of stream water in small catchments was applied for a precise determination of 
chemical weathering rates and in-depth understanding of processes governing 
weathering reactions.  
In the Laval, cation partitioning suggests an important contribution of silicate 
weathering (22 – 44 %), while the Brusquet is dominated by carbonate 
weathering (92 %). When we compare the stable sulfur isotope signature from 
dissolved sulfate to solid samples, this suggest that oxidation of pyrite minerals 
is the primary source of SO42- and sulfuric acid is the dominant weathering agent 
in both catchments (90±6 % and 63±9 % in the Laval and Brusquet, respectively). 
As such, both catchments represent a net positive CO2 release to the atmosphere; 
+18.4±5.9 tC km-2 yr-1 in the Laval and +2.0±0.4 tC km-2 yr-1 in the Brusquet. 
Seasonality in temperature appears to impact the production of sulfuric acid 
in the catchment with higher erosion rate and larger areal exposure of bare 
surfaces (the Laval). In contrast, in the catchment with denser vegetation cover 
CHAPTER 5 




(the Brusquet), the production of sulfuric acid is steadier throughout the year, 
which is most probably due to lower erosion rates, lower temperature variation 
in the ground (due to vegetation and soil buffer), and higher saturation state of 
the soils. We conclude that Earth surface areas with exposed weak marl 
lithologies may be hot spots for the CO2 release to the atmosphere though 
carbonate dissolution by sulfuric acid, and that the CO2 release associated to this 
process may increase in the future warm climate. 
 Supplementary figures 
 
 
Figure S5.1 Seasonality in the sulfate flux in the Laval catchment. A Total 
sulfate flux. B Low flow sulfate flux. The highest fluxes (mol km-2 yr-1) were 
measured in autumn 2016 and winter/spring 2017-2018. Grey bars represent 
fluxes averaged by month. Red line represents seasonal variability in air 










Figure S 5.2. Absence of seasonality in the sulfate flux in the Brusquet 
catchment. Monthly averaged SO4 fluxes (mol km-2 yr-1) show less distinct 
seasonality, in particular in the 2017-2018 observation period. Green bars 
represent fluxes averaged by month. Red line represents seasonal variability 
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Drone image of the Laval catchment; Draix-Bléone Critical Zone Observatory. 
February 2018; Photo: Thomas Croissant 
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Chemical weathering of sedimentary rocks significantly influences the chemical 
composition of rivers, the ocean, and the atmosphere through geological time. 
This work determined fluxes and controls on two key weathering processes, 
which are central to the operation of the geological carbon cycle: i) rock organic 
carbon (OCpetro) oxidation; and ii) carbonate weathering by sulfuric acid. The 
trace element rhenium (Re) was explored to track OCpetro oxidation within the 
critical zone of the Earth’s surface. The catchment-scale inorganic carbon cycle 
was studied by investigating major elements in stream water and stable oxygen 
and sulfur isotopes of dissolved sulfate. 
The research took place in two critical zone observatories (CZO): The 
Susquehanna Shale Hills CZO (Pennsylvania, US) and the Draix-Bléone CZO 
(France). The study sites are representative of the large proportion of the Earth’s 
surface, due their exposure to temperate climate and catchment lithology, which 
is characterized by sedimentary rocks with low OCpetro concentrations (<1 %). 
Additionally, the sites are characterized by large differences in erosion rates and 
variable extent of the vegetation cover.    
 Main conclusions 
The new research presented in this PhD thesis improves our current 
understanding of the catchment-scale CO2 release rates from weathering of 
sedimentary rocks, the application of the Re proxy to track OCpetro oxidation and 
controls on the CO2 release. These aspects are summarized in the following five 
main conclusions of this thesis.  
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6.1.1 Rhenium association with OCpetro in OC-poor shales 
Deep (~15 m and ~30 m) weathering profiles from the Shale Hills study site offer 
a unique opportunity to explore the association of Re and OCpetro in a lithology 
with very low OC concentrations (<0.05 %; Jin et al., 2014). The borehole samples 
revealed a complete loss of S, and high loses of Re (~90 %) and OCpetro (~40 %) 
at roughly the same depths (Chapter 3, Figure 3.4, p74). The differences in Re and 
OCpetro depletion may be related to an overestimation of the OCpetro in these 
profiles, potential resistance of OCpetro to oxidation, or Re persistence in the 
silicate phase. Nonetheless, the similar, steady loss of Re and OCpetro across the 
weathering front suggest a close association of these two elements. This was the 
first time that the Re mobility was studied alongside OCpetro mobility in a 
weathering profile exhibiting extremely low OCpetro concentrations and it 
validates the applicability of the Re proxy for the large range of sedimentary rocks 
(Chapter 3; Jaffe et al., 2002; Peucker-Ehrenbrink and Hannigan, 2000).  
6.1.2 Seasonal patterns in Re production and mobilization 
Another novel aspect of this thesis was the use of high temporal resolution stream 
water sampling to investigate dissolved Re concentration and flux over a period 
of two years (Chapter 4, Figure 4.2, p108). Previously, the dissolved Re-proxy for 
OCpetro oxidation and modern-day CO2 release has been applied only to a hand-
full of studies: Dalai et al. (2002), Hilton et al. (2014), Horan et al. (2017, 2019), 
which all used only a limited number of samples and did not take into account 
potential seasonal variability in Re concentrations. Here, the high temporal 
resolution time-series dataset from the Draix-Bléone CZO revealed a striking 
seasonality in dissolved Re export, suggesting ~ten-times higher Re 
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concentrations in the summer months compared to the winter months 
(Chapter 4, Figure 4.9, p137). The seasonality is most pronounced in the Laval 
catchment characterized by high erosion rates and large exposed bare surfaces, 
while the seasonal variability is less clear in the catchment with lower erosion 
rates and denser vegetation cover, exemplified by the Brusquet (Chapter 4, 
Figure 4.12, p142). This observation carries important implications for future 
studies determining OCpetro oxidation rates.   
6.1.3 Catchment-scale inorganic carbon budget 
The high temporal resolution stream water chemistry dataset was further 
explored to estimate the CO2 balance between sources and sinks involved in the 
inorganic carbon cycle for the Laval and Brusquet catchments of the Draix-Bléone 
CZO (Chapter 5). Here, we applied well-adopted models in river geochemistry in 
order to partition between the lithological sources (carbonate and silicate) and 
the prevailing weathering agent (carbonic versus sulfuric acid). In both 
catchments, the net inorganic carbon balance was dominated by carbonate 
weathering by sulfuric acid (Chapter 5, Figure 5.9, p201). Estimates for the highly 
erosive catchment (Laval) return extremely high CO2 release rates, which is 
consistent with previous estimates from settings exposed to high physical rock 
degradation (Das et al., 2012; Emberson et al., 2016; Nevers et al., 2020; Torres 
et al., 2014). In the catchment with lower erosion rates and denser vegetation 
cover (Brusquet), the CO2 release by sulfuric acid-carbonate weathering is 
~five-times lower. We suggest that lower erosion rates, denser vegetation cover 
and more developed soil organic layer may decrease sulfide and carbonate 
weathering, due to lower physical degradation, supply of fresh bedrock and 
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buffering the temperature impact on the production of sulfuric acid. In contrast 
to carbonate weathering, the CO2 consumption through silicate weathering 
remains low in both catchments, which may result from altered carbonic acid 
equilibrium in streams by the excess of carbonate weathering.   
6.1.4 Erosion control on chemical weathering  
This work includes three catchments with contrasting erosion rates (from 
~25 t km-2 yr-1 to >10,000 t km-2 yr-1), while are all exposed to similar climatic 
conditions within temperate climate, and draining shale dominated sedimentary 
lithologies with variable, but generally low OCpetro concentration (from <0.05 % 
to ~1 %). Here we provided new constrains for the OCpetro oxidation rates in the 
low erosion settings at the Shale Hills catchment by using radiocarbon isotope 
and the trace element Re. Both proxies resulted in expected low OCpetro oxidation 
rates (<2.0×10-2 tC km-2 yr-1), suggesting that OCpetro oxidation is limited by the 
supply of fresh mineral surfaces available for oxidation (i.e. a supply-limited 
process) (Figure 6.1A. The application of the Re proxy in the Laval and Brusquet 
catchments of Draix-Bléone CZO returns relatively low Re yields and 
consequently a low estimate of OCpetro oxidation rate. This may be explained by 
the shallow weathering zone, Re mobility though the catchment and extremely 
high Re export through the solid load. 
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Figure 6.1: Erosion control on the oxidation of OCpetro and sulfide minerals. A: Erosion control on the OCpetro oxidation with new data 
from this thesis (red) filling the research gap in the low erosive setting. B: Erosion control on the sulfide mineral oxidation with the two 
catchment studied here (red) following the global trend.  
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Further, this study confirms that oxidation of sulfide minerals and 
production of sulfuric acid is also a supply-limited process (Figure 6.1B), as 
previously suggested by  Calmels et al. (2007) and Hilton and West (2020). As 
such, highly erosive, vegetation free, gully catchments consisting of soft, pyrite-
rich, marly lithologies (e.g. the Laval) represent hot spots for the CO2 release to 
the atmosphere.  
6.1.5 Temperature control on chemical weathering  
Only recently, climatic factors such as temperature became of interest in terms of 
their role in setting oxidative weathering rates and associated CO2 release 
(Crawford et al., 2019; Zhi et al., 2020). Here we explored the high temporal 
resolution stream water chemistry to investigate the potential temperature 
control on the production of solutes from chemical weathering (Chapter 4 and 
Chapter 5). In the two catchments of the Draix-Bléone CZO, we observe 
seasonality in dissolved Re concentrations (Chapter 4, Figure 4.9, p137) and in 
the SO4/HCO3 ratio (Chapter 5, Figure 5.4, p179) in stream water. We interpret 
the Re concentrations and SO4/HCO3 ratio as proxies for OCpetro oxidation and 
production of sulfuric acid, respectively. A complimentary study by (Soulet et al., 
2021), measures the CO2 release from a chamber at an outcrop in the Laval and 
also sees the same seasonality. This is the first opportunity to observe the 
seasonality in chemical weathering of sedimentary rocks with two 
complimentary methods in the same catchment. Together our studies provide 
strong evidence that in a warmer environment, chemical weathering of 
sedimentary rocks may result in positive feedback. This means that in the future 
climate, chemical weathering of sedimentary rocks may enhance, releasing more 
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CO2, which will further increase air temperature. This is in particular enhanced 
in catchments exhibiting kinetically-limited weathering regimes (high erosion 
rates). Catchments exhibiting supply-limited weathering regime (lower erosion 
rates) may have a lower impact on the CO2 release from chemical weathering 
(Figure 6.2). This observation is of profound importance for modelling the 
geological carbon cycle and past climate, while also relevant to understanding 
how natural carbon cycle processes will respond to ongoing and future climate 
warming.  
The controls on chemical weathering rates are here studied in small, 
mountainous catchments, which dominate the global erosion and chemical 
weathering rates (Bluth and Kump, 1994; Kirchner et al., 2001), are important in 
terms of freshwater supply (Viviroli et al., 2011, 2007; Zhi et al., 2020) and may 
experience the greatest impact in the warming climate (IPCC, 2019). The positive 
climatic feedback proposed here, may result in higher concentration of solutes in 
the dissolved load, having important implicates for global biogeochemical cycles 
and freshwater quality (Crawford et al., 2019). However, open questions remain 








 Future research aspects 
This work investigated many aspects on the chemical weathering of sedimentary 
rocks, but also raised new questions and revealed knowledge gaps that require 
attention in future research. Some of which are presented in the following. 
6.2.1 Anthropogenic Re cycling in surface soils  
In the third chapter of this thesis, an attempt is made to present the Re mass 
balance in terms of Re inputs on catchment scale. This topic requires more work 
by investigating the mass, speciation and nature of Re sequestration in surface 
soils, but also whether Re can cycle through vegetation. Previous studies 
suggested that Re may be involved in bio-cycling with certain grass communities 
(Novo et al., 2015). In small catchments, impacted by past or present 
anthropogenic contamination, bio-cycling of Re may be important, since it could 
 
Figure 6.2. Climatic feedback on chemical weathering rates of 
sedimentary rocks. In a high erosive setting, high sulfide and carbonate 
weathering rates release high CO2 rates which may increase air temperature 
and further enahnce chemical weathering rates. Opposite, in a low erosive 
setting, the chemical weathering rates are lower, releasing lower CO2 rates, 
leading to smaller changes in air temperature.  
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result in longer persistence of Re in the top soil, as it is seen on a case of Mn 
(Herndon et al., 2015b) and Mo (King et al., 2018).  
6.2.2 Mineral-scale assessment of the sources of Re 
The mixing model presented by Horan et al. (2019) and applied in this study 
tends to efficiently separate the mineral fractions contribution to the total Re 
concentration measured in the dissolved load and solid samples. However, the 
partitioning of Re in sulfide versus the organic matter in sedimentary rocks may 
be further studied using additional techniques. One such method could be using 
a sequential extraction, for instance with a chromos-chloride reduction technique 
to isolate sulfide vs organic phases, as it has been done for Selenium (Se) in shales 
(Matamoros-Veloza et al., 2011). Another, feasible approach could be to apply 
density separation, using sodium polytungstate (Gregory and Johnston, 1987) 
and hand selection of mineral grains for analysis, since the pyrite fraction has 
very different density compared to organic matter and silicate minerals in rock 
powders.  
6.2.3 Export of weathering products through the solid load 
In the Laval, the Re export through the solid load is ~100-times larger compared 
to the Re export through the dissolved load (Chapter 4). The extremely high 
physical degradation of the soft rocks within the catchment and high intensity 
storm events, result in short residence time of the sediments within the 
catchments (Mathys et al., 2005). A large proportion of this Re in the solid load is 
likely to “un-weathered”, alongside sulfide and OCpetro phases (Graz et al., 2012). 
The fate of these reduced phases in downstream river systems is important to 
understand the integrated impact of erosion on oxidative weathering fluxes, as it 
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has been shown for the Amazon (Clark et al., 2017). However, our results suggest 
that a part of the solid load may contain weathering products which were 
mobilized, but subsequently re-sequestered into secondary solids. This is 
potentially relevant for Re, but could also be the case for S and Ca produced from 
sulfide oxidation and carbonate weathering. To better understand whether this 
mechanism is operating, and its impact on dissolved load fluxes (and the 
weathering fluxes we calculate from them), sequential extractions could be 
explored – for instance in the easily exchangeable fractions of river sediments. 
The Re isotope system may also shed new light on this, with recent method 
developments making it possible to measure the Re isotope ratios in stream and 
river waters, alongside river sediments (Dellinger et al., In review).  
6.2.4 Exploring environmental controls on oxidative weathering 
This study provides strong evidence for a role of temperature on the rates of 
OCpetro oxidation (Figure 4.10, p139). This raises the important question whether 
or not these patterns prevail in other climatic settings, and for other sedimentary 
rock lithologies. The dynamics of OCpetro and carbonate weathering in Arctic 
climates, which are particularly impacted by the global rise in air temperatures, 
should be a future research focus. Here, we showed that increased temperatures 
are an important control on chemical weathering of sedimentary rocks and 
production of solutes into the stream (Chapter 4 and Chapter 5). However, an 
open question remains what will the impact of climate change be in different 
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